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ABSTRACT OF THE DISSERTATION 
TERAHERTZ PLASMONIC DEVICES 
By 
Mustafa Karabiyik 
Florida International University, 2017 
Miami, Florida 
Professor Nezih Pala, Major Professor 
Terahertz (THz) devices are designed to operate from 0.1-10 THz. The THz spectra have 
unique properties such as penetration through soft materials and reflecting from hard 
materials, which make THz technologies, a prime candidate for imaging. Plasmons are 
longitudinal charge oscillations in carrier rich materials. Plasmons can be generated over 
the channel of transistors inducing a voltage between the source-drain when conditions 
are satisfied. In this thesis, plasmonic devices operating in the THz region have been 
studied both theoretically and experimentally investigating GaN/AlGaN and Graphene 
based transistors.  
First, we report on a detailed study of dispersion properties of uniform grating gate THz 
plasmonic crystals, asymmetric dual grating gate plasmonic crystals and with symmetry-
breaking defect-like cavities in order to understand the physics behind THz plasmons. 
For the first time, we defined the dispersion of plasmons in terms of effective plasmonic 
index. By adding an additional grating on top of the grating gate with a different 
vii 
periodicity, doubles the amount of absorption. Plasmons can be excited when polarization 
is perpendicular to the gate. We then showed focusing and exciting of THz plasmons 
polarization independent using circular grating lenses. Sub-micron THz ring resonators 
are presented showing THz guiding in plasmonic waveguides. 
So far, resonant sensing has been observed only at cryogenic temperatures since electron 
mobility is high enough at low temperatures to sustain resonant plasmonic excitation at 
the channel of the detector. Recently, graphene attracted the attention of the researchers 
because of its high mobility at room temperature. Room temperature detection has been 
attempted and achieved, however the detectors have very small responsivity with non-
resonant behavior since the graphene is sandwiched and fabrication of such detectors in 
large scale is impossible with the methods used. Here, we present a resonant room 
temperature detection of THz with upside down free standing graphene FETs having 
more than a 400 quality factor, a record high number in the field which is up to 50 times 
higher than GaN detectors and hundreds of responsivity values with a maximum around 
400 V/W which is record high for graphene (10,000 times higher than previously 
reported graphene detector). 
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CHAPTER 1 
1. Introduction to Terahertz Technologies 
 
1.1. Terahertz Spectrum and Its Properties 
While visible to infrared and microwave to radio waves have been extensively studied, 
research in the Terahertz (THz) region was lagged. [1] THz devices are considered to 
operate from 0.1 THz to 10 THz, which is in between infrared and microwave region in 
the spectrum. Fig. 1.1 represents where THz frequencies fall into in the electromagnetic 
spectrum. The lower frequency side of the THz region which is referred as millimeter 
waves (mmW) is mainly used for communication from satellites to mobile phones and 
wireless data transfer. Even medical imaging is made possible by utilizing this region 
such as magnetic Resonance Imaging (MRI). The higher frequency side of the THz 
region starts from infrared, which can be used for infrared imaging to fiber optical 
communication, and extends beyond the visible and ultraviolet (UV) frequencies. Much 
 
Figure 1.1: The electromagnetic frequency spectrum. [1] Reprinted with permission as 
per license or document.  
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higher frequencies such as X-ray is being extensively used in medical imaging to 
structural defect analysis to crystal structure analysis. 
The THz spectrum has unique and elusive properties which makes it attractive for 
imaging and sensing applications. Physics, biology, chemistry, medicine, astronomy, 
defense and security all utilize the THz spectrum. The energies of the THz frequencies 
are very low so that it is not high enough to ionize or break the bonds of biological 
tissues. The THz waves can penetrate into soft materials such as paper, fabric, plastic and 
leather but it cannot penetrate materials like metal, and the human body, which makes 
them perfect for security monitoring applications. The advantage of the THz spectrum 
over millimeter waves in security monitoring is the resolution, since the resolution is 
limited with wavelength used for imaging. In THz frequencies, wavelength is at the order 
of tens and hundreds of microns, which provide better resolution. The energy of the 
rotational modes of many molecules such as DNA [2], proteins [3], and explosives
 
[4]
 
coincide with the energy of the THz frequencies, which lets THz devices to distinguish 
materials due to their specific fingerprints with in the THz spectrum. The THz 
frequencies are strongly absorbed by water and water vapor, which makes THz spectrum 
capable of giving the information of hydration state [5]
 
and they can indicate the water 
condition of the tissue. THz devices are also used to track the defects hidden inside bulky 
materials that are transparent to THz such as plastic components [6]. 
1.2. Terahertz Sources and Detectors 
THz imaging and spectroscopy techniques broadly could be classified into two groups. 
The first one is THz Time Domain Spectroscopy (TDS) and the other one is Backward 
3 
Wave Oscillator (BWO) spectroscopy are two common imaging techniques in THz 
applications. Both BWO and TDS systems are table-top experimental set ups and they 
require precise alignment to perform high yield experiments. These systems also tend to 
be expensive. Cost of a BWO system is around $120,000 while a TDS system is $70,000. 
Both systems are very bulky that require high power and large space. These systems 
generate THz wavelengths and then tend to measure transmission spectra or reflection 
spectra to acquire the optical properties of the material. The detectors used in BWO 
systems are not sensitive to the incident wavelength and they are broad band detectors. 
The detector is generally a bolometer, a pyroelectric detector or a Golay cell. The price of 
the detectors ranges from $4,000 to $15,000. Detectors used in TDS systems are 
generally silicon detectors. The sensing mechanism is the polarization rotation 
phenomena of the pulsed laser inside a non-linear crystal, mixed with generated THz 
radiation. This phenomenon is known as the Pockel’s effect [7]. A femtosecond laser 
which is an expensive tool is used to generate terahertz and as well as sensing it. There is 
no way to tune the sensing wavelength of the detector for both systems. The 
measurement times of both systems are at the order of minutes. The detection time is long 
to get a significant signal-to-noise ratio. Another approach for the THz sensing is direct 
detection, where the incident THz light is upon a detecting device, and results in a 
measurable response. Available direct detection technologies with key parameters are 
summarized in Table 1.2. 
Another technique in terahertz sensing is using continuous wave emitters such as free 
electron laser or quantum cascade lasers. The power of free electron laser can reach up to 
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20W and it’s a coherent source while the power from a quantum cascade laser can range 
from tens of mW to hundreds of mW and they need to operate at cryogenic temperatures. 
The free electron laser is the bulkiest among all terahertz sources (requires a room space) 
while the quantum cascade lasers are compact such as few millimeters on a chip. But, the 
required cryogenic system makes them bulkier. 
Nowadays, the most sensitive THz detectors are Golay cells, pyroelectric detectors, 
bolometers and Schottky diodes. They are not portable, very slow, and not tunable. 
Schottky diodes, as the most serious contender for the devices investigated in this study, 
can reach very low noise equivalent power (NEP) and high responsivity at millimeter 
waves. However, their responsivity drops orders of magnitude (to <10
3
 V/W) at 
frequencies greater than 1 THz [22]. Moreover, Schottky diodes are not tunable for the 
wavelength detected. 
Table 1.2: Comparison of THz direct detection technologies. 
Detector Type 
NEP 
(W/Hz1/2) 
Responsivity 
(V/W) 
Resp. time 
(sec) 
Op. Tmp. 
(K) 
Size Tunable 
Bolometers [8,9] 10-16–10-13 105–107 10-3–10-2  4.2 Large No 
Hot-e microbolometers [10,11] 10-19–10-17 109 10-8  0.3 Compact No 
STJ detectors [12] 10-16 109 10-3  0.8 Compact No 
Golay cells [13] 10-10 105 10-2 300 Large No 
Pyroelectric detectors [14] 10-10 105 10-2 240-350 Medium No 
Schottky diodes [15,16,17] 10-12 103 10-12 10-420 Compact No 
Plasmonic HEMTs [18,19] 10-10 103 10-10 10-420 Compact YES 
Antenna graphene FET [27] 10-7 0.01  300 Compact NO 
Graphene Plasmonic Devices 10-10  103  65-310 Compact YES 
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The THz detection by grating gate coupled field effect transistor (FET) detectors are able 
to operate at room temperatures in a broad band or narrow band manner. [20,21] 
Recently, a THz detector able to acquire real time video monitoring has been achieved at 
room temperature. [22] This focal plane array (FPA) camera utilizes from a circular 
antenna coupled FET detector and the detector is not at a tunable. The FET detector used 
is a silicon detector, which is also sensitive to visible light, but the wavelength was 
filtered from visible light by placing a high resistive silicon lens in front of the optical 
path. Novel ideas and approaches in tunable compact detection in the THz range are 
demonstrated successfully for resonant detection at low cryogenic temperatures. [23] 
These detectors are plasmonic sensors, which utilize excitation of plasmons on the two 
dimensional electron gas (2DEG) channel, which creates a DC bias between the source 
and drain of the transistor. [24] The THz plasmonic detectors require a cryogenic cooling 
system to maintain the properties of the 2DEG, such as high carrier mobility and high 
carrier concentration. The resonant plasmonic THz detectors require high carrier mobility 
over the channel (more than 10000 cm
2
/Vs depending on the electron effective mass) and 
sufficient carrier concentration (at the order of 10
11 
to 10
13 
cm
-2
). The room temperature 
resonant detection of sub-THz frequencies has been achieved at 0.6 THz that utilize from 
a GaAs/AlGaAs heterojunction transistor, but the detector is not tunable and the gate 
length is just 250 nm, which is quite challenging for fabrication. [25] Recently, graphene 
has emerged as a material suitable for THz plasmonic applications due to its high carrier 
mobility and right amount of carrier concentration [26,27,]. These two properties create 
the basis for high quality factor THz plasmonic cavities at room temperature. Tunable 
THz metamaterials with patterning of graphene have been developed for wide band 
6 
plasmonic excitation. [26] A room temperature exfoliated graphene THz FET detector is 
achieved to operate from 0.4 THz to 1.4 THz where THz waves are coupled by using 
logarithmic antennas as seen in Fig. 1.2. [27]. The responsivity of the devices was at the 
order of 0.04 V/W maximum and it was not a resonant response. Using exfoliated 
graphene is not suitable for mass fabrication for focal plane array applications. The 
coupling mechanism is an antenna coupler and it is different than a grating coupler which 
makes the device hundreds of microns in size which is around 700 µm diameter. Later, 
there have been other efforts to fabricate graphene THz devices but their responsivity was 
low, not resonant but rather quite broad band. [28,29] There is a tremendous effort in 
order to develop an ideal resonant terahertz detector working at ambient conditions with 
very high responsivity, and fast response time. No such detector has been demonstrated 
yet. Since it has been realized that graphene can sustain very high mobility values at 
room temperature with the right amount of electron concentrations to support plasmonic 
terahertz oscillations, there is an ongoing effort to fabricate the high mobility graphene 
 
Figure 1.2: Antenna coupled exfoliated graphene channel THz detector operating at 
room temperature. [27] Reprinted with permission as per license or document. 
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terahertz detectors. In order to excite strong terahertz plasmons, a grating gate is a 
necessity to compensate the momentum of the incoming radiation. Fabrication of devices 
with gate electrodes requires an insulating dielectric layer between the channel and the 
gate which causes the graphene to be sandwiched between the substrate and oxide layer. 
Such a treatment dramatically reduces the graphene mobility since the carriers are 
affected by the materials above and below the graphene. The graphene mobility 
drastically depends on the substrate and dielectric material. While graphene on silicon 
dioxide can have mobilities of 3300 cm
2
/Vs [30], graphene over boron nitride can have 
24,000 cm
2
/Vs mobility [31] and freestanding graphene can have 200000 cm
2
/Vs 
mobility. [32,33,34] But, when an insulating material is deposited over the graphene to 
fabricate an FET, the mobility decreases dramatically in some cases only few hundreds 
which is even less than the silicon mobility. This problem has been waiting for to be 
solved, how one can have a grating gated transistor while sustaining high mobility values 
of graphene. We have overcome this issue by reversing the regular transistor structure 
and saving graphene from being sandwiched and leaving it suspended over desired 
regions. This will give the control of gate while maintaining high mobility. At gated 
region, the graphene will be over the oxide while on ungated regions, graphene will be 
suspended on air. Such a transistor can reach very high mobility values with the proper 
graphene treatment. 
Aside from the experimental works mentioned above, the theoretical understanding of 
plasmons in FETs is also critical. The physics behind the plasmonic THz response has 
been in focus for a long time with new theories and approaches are developed in the 
8 
literature. [35,36] The gated region of a FET supports gated plasmons where 
electromagnetic fields confined in between the 2DEG and the gate, while ungated 
plasmons with a different dispersion law are observed in the ungated region of a FET. In 
the case of periodically spaced gates, the grating gate supplies the necessary momentum 
to excite the plasmons compensating the momentum mismatch between the THz light in 
free space and plasmons.  
In order to understand the physical properties of THz plasmons in FETs, the dispersion 
relations has been developed for gated 2DEG structures and ungated 2DEG structures as 
well as a combination of these two structures into a lattice with one-dimensional (1D) 
translational symmetry, known as a 1D plasmonic crystal. The gated or ungated plasmon 
dispersions for isolated gated and ungated regions neglect the coupling between these 
regions. [37] Recent studies have shown that the dispersion can be solved for plasmonic 
crystals, but the presented solutions are either an analogy to electrical circuits or to 
electronic wave solutions. [38] Recently, highly sensitive terahertz detectors based on 
asymmetric dual-grating gate (ADGG) HEMTs have been demonstrated with 25kV/W 
record high responsivity [39] but the plasmon dispersion in such structures has not been 
studied. 
1.3. Contribution of This Work 
This thesis outlines new theoretical and experimental approach to investigate the THz 
light-plasmon interactions in various FET structures at room temperatures and cryogenic 
temperatures. We theorized, designed, fabricated and characterized various multi-size and 
multi-geometry detectors and experimentally demonstrate frequency dependent THz 
9 
detection. Engineering applications in THz imaging and detection are demonstrated by 
using the fabricated detectors. The detectors have the following important advantages, 
which make the devices the prime candidate for future THz on a chip application over the 
conventional THz detection techniques: 
i. Tunable by voltage – -10 to 10 volts 
ii. Compact on a chip – 50 µm size of each pixel 
iii. Room temperature operations and cryogenic operations– 65º K to 300º K 
iv. No moving optical components – no time delay or lenses are required 
v. Suitable for focal plane array (FPA) applications – millions can be fabricated on a 
chip 
These advantages make the proposed devices the prime candidate for future THZ on chip 
applications. 
In the past, resonant sensing has been observed only at cryogenic temperatures since 
electron mobility is high enough at low temperatures to sustain resonant plasmonic 
excitation at the channel of the detector [40]. Only high electron mobility semiconductor 
field effect transistors were able to sustain resonant plasmonic detection. Room 
temperature detection has been attempted and achieved, however the detectors have very 
small responsivity with non-resonant behavior since the graphene is sandwiched and 
fabrication of such detectors in large scale is impossible with the method used. Here, we 
present resonant room temperature THz detection by novel free standing graphene-based 
flipped FETs with the quality factor Q>400 and responsivity ~ 400 V/W. These are 
record-breaking numbers as the demonstrated quality factor is up to 50 times higher than 
the ones reported for GaN detectors and the demonstrated responsivity is 10,000 times 
higher than the previously reported graphene detector repsonsivty. Also we have come up 
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with a new idea to excite plasmons that are independent from the incident angle. By 
redesigning the gate, source and drain geometry, we were able to fabricate structures that 
can sustain plasmonic excitation at every incident angle. 
Apart from THz detection, we have designed new geometries that can sustain THz 
plasmonic excitation in a ring resonator configuration. We have shown that that split ring 
resonator structures can be used to guide THz into deep sub-wavelength down λ/200 and 
achieve relatively higher quality factors than grating gate devices by plasmonic 
confinement which can be used for THz detection, filtering and possibly for THz on-
chip-spectrometer. Moreover, ring resonator modes supported by system can be tuned 
with an applied voltage to gratings.  
We have designed circular gratings that can sustain plasmons independent of the incident 
THz polarization. Plasmonic modes excited by incident THz radiation are concentrated 
into λ/180 area localized under the central disc. Electric field intensity under the central 
point is found to be orders of magnitude larger than the outer grating area. Optimal 
geometries for enhanced radiation coupling and plasmon focusing are investigated. 
Plasmonic lens modes supported by system has the advantage of tunability by an applied 
voltage to gratings. The large field enhancement by plasmonic confinement presents the 
potential for sub-wavelength imaging. 
Finally, we have reported on a detailed study of dispersion properties of grating gate THz 
plasmonic devices and with symmetry-breaking defect-like cavities. Our numerical and 
analytical results suggest that the dispersion of plasmons can be presented in terms of an 
effective plasmonic index. The results suggested that long know classical dispersion for 
11 
plasmons was not complete and partially wrong since it includes approximations. We 
have suggested a complete resonant mode calculation for grating gate devices. 
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CHAPTER 2 
2. Theoretical Background 
 
In this chapter, we will describe the theory that is necessary to understand the operation 
of the THz plasmonic devices. This chapter first gives a summary of the optical 
properties of plasmons in metals and then in FETs.  
2.1. Plasma Wave Physics 
Optical properties of metals can be explained by using plasma model also known as 
Drude Model Mustafa K. MSc thesis. [1] In this model, the free electron gas interacts 
with fixed positive ion atom cores. Electron-electron interactions are neglected. Free 
electron gas responses to the applied electric field which defines the optical properties of 
metals. Oscillation of electrons is damped since electron-core collisions occur with a 
characteristic collision frequency γ=1/τ at the order of hundreds of THz depending on the 
electron concentration, where τ is mean free time of free electron gas. τ is generally of the 
order of 10
-14
 s at room temperature. 
Equation of motion for an electron gas which is affected by an external electric field can 
be written as 
𝑚?̈? + 𝑚𝛾?̇? = −𝑒𝐸                                                       (2.1) 
where m is the electron mass, e is unit charge and E is the electric field. The solution of 
the differential equation Eq. 2.1 can be solved by assuming x(t)=x0e
-iwt
 which results  
16 
𝑥(𝑡) =
𝑒
𝑚(𝑤𝜔2 + 𝑖𝛾𝜔)
𝐸(𝑡)                                      (2.2) 
Polarization (P) induced by the electron displacement is P=nex and takes the following 
form  
𝑃 =
𝑛𝑒2
𝑚(𝜔2 + 𝑖𝛾𝜔)
𝐸                                               (2.3) 
The dielectric displacement (D) is ε0E+P and can be written as 
𝐷 = 𝜀0(1 −
𝑤𝑝
2
𝜔2 + 𝑖𝛾𝜔
)𝐸                                          (2.4) 
where p
2
=ne
2
/ε0m is called plasma frequency of the free electron gas. The resulting 
dielectric function for the free electron gas can be expresses as  
𝜀(𝜔) = 1 −
𝑤𝑝
2
𝜔2 + 𝑖𝛾𝜔
                                                 (2.5) 
The real and imaginary parts of ε() where ε()= ε1()+iε2() are  
𝜀1(𝜔) = 1 −
𝜔𝑝
2𝜏2
1 + 𝜔2𝜏2
                                                 (2.6a) 
𝜀2(𝜔) =
𝜔𝑝
2𝜏
𝜔(1 + 𝜔2𝜏2)
                                                 (2.6b) 
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The model defined above is known as the Drude model [2]. For example, parameters for 
silver are; γћ=0.06eV and ωћ=7.9eV, for gold; γћ=0.18eV and wћ=8.5eV [3]. When 
wp<w, metals can sustain their metallic behavior, but, for large frequencies near wp, and 
with wτ>>1, results in negligible damping, and real part of ε(w) becomes dominant and 
dielectric function of the undamped free electron plasma becomes 
𝜀(𝜔) = 1 −
𝜔𝑝
2
𝜔2
                                                    (2.7) 
Fig. 2.1 shows the real ε1 and imaginary ε2 parts of dielectric function for silver metal 
calculated using Drude model and results are compared with experimental data given by 
Palik [4]. The dielectric function is shown as a function of the energy in eV. Theoretical 
ε1 changes sign from negative to positive after the theoretical plasma frequency 𝜔p-theory. 
For energies above 𝜔p-theory, metal becomes transparent to the applied electric field so that 
electrons cannot respond to the externally applied electric field. Drude model can define 
the optical properties of metals for energies until transitions between electronic bands. 
 
Figure 2.1: Real part, ε1 and imaginary part, ε2 for silver calculated from Drude model 
and experimentally extracted data by Palik [4,1]. 
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For some noble metals used in plasmonic applications like copper, silver and gold, 
interband transitions start occurring around 2 eV [5] and Drude model fails for higher 
energies. Since there are no interband transitions in THz region and the plasma frequency 
of the 2DEG is very low compared to metals, Drude model is in good agreement with 
experimental results. 
To understand the properties of plasmons we need to calculate the energy-momentum 
relation known as dispersion of surface plasmons. Plasmons are charge oscillations 
confined at the metal dielectric interface. Starting with Helmholtz equations at a metal-
dielectric interface with constant dielectric permittivity and with proper boundary 
conditions, plasmon dispersion relations can be derived. By referring to the coordinate 
system in Fig. 2.2, wave propagation at the metal-dielectric interface can be defined. The 
dielectric permittivity is constant in the xy plane and changes at z=0. When z>0, the 
dielectric permittivity is ε1 and when z<0, the dielectric permittivity is ε2. The wave 
propagation direction is x-axis.  
Starting with the wave equation 
∇2𝐸 −
𝜀
𝑐2
𝜕2𝐸
𝜕𝑡2
= 0                                                   (2.8) 
and assuming E field is harmonic  
𝐸(𝑟, 𝑡) = 𝐸(𝑟)𝑒−𝑖𝜔𝑡                                                  (2.9) 
We get Helmholtz equation  
 (∇2 + 𝑘0
2𝜀)(𝐸, 𝐻) = 0                                              (2.10) 
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where k0 (k0=w/c) is the momentum of wave in free space. For a wave propagating along 
the x-axis and for transverse magnetic (TM) modes, following assumptions can be made
  
𝐸(𝑟, 𝑡) = 𝐸(𝑧)𝑒𝑖𝛽𝑥                                                (2.11a) 
𝐻(𝑟, 𝑡) = 𝐻(𝑦)𝑒𝑖𝛽𝑥                                                (2.11b) 
where β is the propagation constant along the x-axis. When we insert Eq. 2.1 to 2.2 
results in 
𝜕2𝐸(𝑧)
𝜕𝑧2
+ (𝑘0𝜀 − 𝛽
2)𝐸(𝑧) = 0                                   (2.12a) 
𝜕2𝐻(𝑦)
𝜕𝑦2
+ (𝑘0𝜀 − 𝛽
2)𝐻(𝑦) = 0                                   (2.12b) 
 
The field components, when z>0 can be defined as   
𝐻𝑦(𝑧) = 𝐴2𝑒
𝑖𝛽𝑥𝑒−𝑘2𝑧                                            (2.13a) 
𝐸𝑥(𝑧) = 𝑖𝐴2
1
𝜔𝜀0𝜀2
𝑘2𝑒
𝑖𝛽𝑥𝑒−𝑘2𝑧                                     (2.13b) 
𝐸𝑧(𝑧) = −𝐴2
𝛽
𝜔𝜀0𝜀2
𝑘2𝑒
𝑖𝛽𝑥𝑒−𝑘2𝑧                                    (2.13c) 
The field components, when z<0 can be defined as  
 
Figure 2.2: Electric field intensity profile of a SPP propagating at the metal dielectric 
interface. [1] 
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𝐻𝑦(𝑧) = 𝐴1𝑒
𝑖𝛽𝑥𝑒−𝑘1𝑧                                               (2.14a) 
𝐸𝑥(𝑧) = 𝑖𝐴1
1
𝜔𝜀0𝜀1
𝑘1𝑒
𝑖𝛽𝑥𝑒−𝑘1𝑧                                       (2.14b) 
𝐸𝑧(𝑧) = −𝐴1
𝛽
𝜔𝜀0𝜀1
𝑘1𝑒
𝑖𝛽𝑥𝑒−𝑘1𝑧                                       (2.14c) 
where k1 and k2 are positive. Continuity at boundary conditions at z=0 results in 
𝐴1 = 𝐴2                                                             (2.15a) 
𝑘2
𝑘1
= −
𝜀2
𝜀 1
                                                        (2.15b) 
𝑘1
2 = 𝛽2 − 𝑘0
2𝜀1
2                                                     (2.15c) 
𝑘2
2 = 𝛽2 − 𝑘0
2𝜀2
2                                                     (2.15c) 
The above equations are satisfied only if ε1 and ε2 has opposite signs. Since ε1 is always 
positive (because it is dielectric), this condition is satisfied at a specific frequency interval 
from zero to plasma frequency, because, only at this interval, ε2 is negative. If we solve 
these equations, we derive the dispersion relation for plasmons as 
𝑘𝑃 =
𝜔
𝑐
√
𝜀1𝜀2
𝜀1+𝜀2
                                              (2.16) 
where β=kP and k0=/c. kP is always larger than k0, which implies that light in free space 
cannot directly excite plasmons since they have different k values. This situation is 
known as the momentum mismatch. Dielectric permittivity is constant over a wide range 
of wavelengths for dielectrics compared to the metals and dielectric permittivity of metals 
changes dramatically for visible light. When ε1=-ε2, the singularity point is obtained. The 
singularity is 
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𝜔𝑆𝑃 =
𝜔𝑝
√1 + 𝜀2
                                                        (2.17) 
This specific frequency is called the surface plasmon resonance frequency. 
Fig. 2.3 shows the dispersion of plasmons for silver-air interface. Plasmons bound to the 
interface are the curve below the light line up to surface plasmon resonance frequency at 
3.7 eV. Bound plasmons are confined at the metal dielectric interface propagating along 
the interface. In the bound mode regime, momentum of light in air is less than the 
momentum of plasmons for the same energies. Because, plasmon are collective 
oscillations of free electrons and photons, plasmons are hybrid waves that have both 
electron and photon parts. The momentums of electrons are larger than the momentum of 
light in free space with the same energy. This effect causes a momentum miss match. The 
difference in momentum prevents the excitation of plasmons when light in air is incident 
over the metal surface. To compensate the momentum miss match, the momentum of 
light should be enhanced. 
 
Figure 2.3: Surface plasmon dispersion relation for silver-air interface and dispersion of 
light in air. 
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Electric and magnetic field distribution of plasmons propagation at metal dielectric 
interfaces for TM polarization is shown in Fig. 2.4. Electric fields are generated by 
positive and negative charge oscillations on the surface of the metal. H field has a 
component only parallel to the interface. E field has both parallel and perpendicular field 
components to the interface. Perpendicular components of the E field in the two media 
are in opposite directions and parallel components of the E field in the two media are in 
the same direction. Boundary conditions require the continuity of E// and D┴ according to 
Maxwell’s equations. The continuity of D┴ is satisfied for positive values of ε1 and 
negative values of ε2 a condition that is only satisfied for metal-dielectric interfaces 
below plasmon frequency and this indicates, plasmons exists only at the metal-dielectric 
interfaces. H fields should be divergence free and that indicates the absence of magnetic 
monopoles. The end points of the H field lines should be in the same direction. For a 
transverse electric field (TE) mode solutions, boundary condition for the continuity of H// 
cannot be satisfied because the H field directions are in opposite directions at the metal 
dielectric interface and as a result of this TE polarized plasmons cannot be excited at the 
metal dielectric interfaces. [6] 
 
Figure 2.4: Electric and magnetic field distributions of SPPs propagating at the metal-
dielectric interface and Cross section view from the x-z plane, of electric and magnetic 
field distributions of SPP propagation at the metal-dielectric interface. [1] 
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The wavelength of the plasmons is the wavelength of the charge distributions on the 
surface. Real part of dispersion defines the wavelength of plasmons and imaginary part of 
dispersion defines the loss and the propagation length of plasmons. Real part of the 
plasmon dispersion is 
𝑘𝑃−𝑟𝑒𝑎𝑙 = 𝑘0√
𝜀𝑑𝜀𝑚1
𝜀𝑑+𝜀𝑚1
                                                (2.18) 
where εm1 is the real part of dielectric function of the metal and εd is the dielectric 
function of dielectric. Plasmon wavelength can be expressed as           
𝜆𝑃 = 2𝜋/𝑘𝑃−𝑟𝑒𝑎𝑙                                                    (2.19) 
λ𝑃 = λ0√
𝜀𝑑+𝜀𝑚1
𝜀𝑑𝜀𝑚1
                                                 (2.20) 
Wavelength of the plasmon is smaller than the wavelength of light in free space which 
enables to study optics below the light diffraction limit called sub-wavelength optics. 
Wavelength of light in air can be reduced depending on the momentum difference 
between light in free space and plasmons. [7] 
Plasmons cannot be excited without overcoming momentum mismatch between light in 
free space and plasmons as we have proved. Methods like grating coupling or prism 
coupling to excite plasmons is necessary to compensate the mismatch [8]. There are also 
other methods like the use of trench scatterers, charged particle impact and near field 
couplers [6]. Prism coupling and grating coupling is the most common ways to excite 
plasmons. 
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In grating couplers, grating surfaces can compensate the missing momentum by adding 
momentum to the incident light induced by the periodicity of the grating. Grating coupler 
allows to excite plasmons when light is incident from above the grating or below the 
grating.  According to Fig. 2.5, plasmons can be excited using grating coupler when the 
condition is satisfied 
𝑘𝑃 = 𝑘0𝑠𝑖𝑛 (𝜃) ± 𝑚𝐺                                                 (2.21) 
where G (G=2π/a) is the reciprocal lattice vector of the grating and m is the order of 
diffraction and a is the period of the grating.  
2.2. Plasmons in FETs 
The plasmonic detection of the THz radiation is based on the excitation of plasma 
oscillations in the 2DEG channels of FET structures by the incoming THz light. FETs 
support two different types of plasma oscillations. The first one is the plasma oscillations 
in the gated region of the 2DEG channel. If an infinite perfect conductive plane is located 
at a distance d from the infinite 2DEG, and the conducting plane is close enough to 
2DEG (i.e. kd<<1), then the dispersion relation is given by 
 
Figure 2.5: Schematic representations of grating coupler. [1] 
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                                             (2.22a) 
where ωp is the frequency, k is the wave vector of the plasma wave, N is the sheet carrier 
density, e is the electron charge , m* is the effective mass of electron, ε0 is the dielectric 
permittivity, and ε1 is the dielectric constant of the insulator separating the 2D electron 
layer from the perfectly conductive plane. The second type of plasma oscillations exist in 
ungated regions. For negligible electron scattering in 2D electron gas, the dispersion 
relation for ungated plasma oscillations in an infinite homogenous 2D electron sheet is  
                                               (2.22b) 
where  is the effective dielectric function, which depends on the geometry of the 
structure. [9] 
The charge distributions for gated plasmonic modes are presented in Fig.2.6. Total charge 
is conserved within the gate metal and 2DEG. Two couple of plus and minus charge is 
)/( 10
*2  mNdekp 
 0
*2 /( mNdekp 

 
Figure 2.6: a) The representation of ungated and gated plasmons. The gated second 
mode is presented under the gate. The directions of the electric fields are shown with 
arrows. b) fundamental mode, c) third mode. 
26 
observed in first mode, four couple for second mode and six couple for the third mode. 
Plasmon dispersion in a gated graphene can be formally written in the same form as in a 
conventional semiconductor structure with substituting the effective electron mass by the 
“relativistic” effective mass mF resulting in  
𝜔 = 𝑞 √𝑁𝑠
𝑉𝑓
2𝑒4
ℏ2𝜀2
4
                                                (2.23) 
where Ns is the sheet carrier concentration, d is the distance between the graphene 
channel and the gate metal,  is the permittivity, q is the plasmon wavevector, which is 
determined by the grating gate period L, q=2/L  (n = 1,2,3…). [10] 
2.3. Electrical Responsivity 
The equations describing 2DEG are the relationship between the carrier concentration 
and gate voltage swing, the equation of motion, and the continuity equation. The 
concentrations, ns in the channel depends on gate-channel voltage, U=Ugc(x)-UT, and  
𝑛𝑠 = 𝐶𝑈/𝑒                                                              (2.24) 
where C is the gate capacitance per unit area and Ugc(x) is the gate-channel voltage, UT is 
the threshold voltage. Eq. 2.24 represents gradual channel approximation. [11,12] that is 
valid when potential variation in the scale of the channel is much greater than the gate-
channel separation. 
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Euler equation of motion is defined as 
𝜕𝑣
𝜕𝑡
+ 𝑣
𝜕𝑣
𝜕𝑥
+
𝑒
𝑚
𝜕𝑈
𝜕𝑥
+
𝑣
𝑟
= 0                                           (2.25) 
where ∂U/∂x is the longitudinal electric field in the channel, v(x,t) is the local electron 
velocity, and m is the effective electron mass. The last term is to represent electron 
collision with impurities and phonons. Eq. 2.25 must be solved with continuity equation 
that can be written as  
𝜕𝑈
𝜕𝑡
+
𝜕(𝑈𝑣)
𝜕𝑥
= 0                                                    (2.26) 
When the boundary conditions, for detection mode operation for an FET shown in Fig. 
2.7, are 
𝑈(0, 𝑡) = 𝑈0 + 𝑈𝑎𝑐𝑜𝑠(𝜔𝑡) for x = 0 on source side          (2.27) 
𝐽(𝐿, 𝑡) = 𝑈0 + 𝑈𝑎𝑐𝑜𝑠(𝜔𝑡) for x = L on drain side           (2.28) 
 
Figure 2.7: Schematically representation of an 2DEG FET with gate, source and drain 
contacts. 
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where U0 is the dc gate-source voltage, Uac=Uacos(ωt) is the external ac voltage induced 
between the gate and source by the incident illumination, and j=CUv is the electron 
current per unit width.  To solve Eq. 2.25 and 2.26, 
𝑣 = 𝑣𝑡𝑎 + 𝑣1 + 𝑣2 + ⋯                                                    (2.29) 
𝑈 = 𝑈𝑡𝑎 + 𝑈1 + 𝑈2 + ⋯                                                  (2.30) 
where vta and Uta are time averaged electron velocity and channel potential, and vn ,Un 
vary in time and frequency nw. Eq. 2.25 and 2.26 are nonlinear equations and different 
harmonics are coupled. If Ua is small, v1,, U1 are proportional to Ua
2
, etc. the first order in 
Ua, we get the equations as 
  
𝜕𝑣1
𝜕𝑡
+
𝜕𝑢1
𝜕𝑥
+
𝑣1
𝑟
= 0                                                   (2.31) 
𝜕𝑢1
𝜕𝑡
+ 𝑠2
𝜕𝑣1
𝜕𝑥
= 0                                                       (2.32) 
Where u1=eU1/m and s=(eU0/m)
1/2
 is the plasma wave velocity. Keeping the second order 
tme independent terms, we get 
𝑑
𝑑𝑥
(𝑢𝑡𝑎 +
〈𝑣1
2〉
2
) +
𝑣𝑡𝑎
𝑟
= 0                                             (2.33) 
𝑑
𝑑𝑥
(𝑠2𝑣𝑡𝑎 + 〈𝑢1𝑣1〉) = 0                                             (2.34) 
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uta=eUta/m and angular brackets represent time averaging over 2π/ω period. The 
boundary conditions for Eq. 2.31-34 follow from Eq. 2.27 and  
𝑢1(0) =
𝑒
𝑚
𝑈𝑎𝑐𝑜𝑠(ω𝑡)                                              (2.35) 
𝑢𝑡𝑎(0) =
𝑒
𝑚
𝑈𝑎                                                             (2.36) 
𝑣𝑡𝑎(𝐿) = 𝑣1(𝐿) = 0                                                   (2.37) 
For the boundary conditions in Eq. 2.36 and 2.37, the integration of Eq. 2. 33 and 2.34 
with respect to x results in 
∆𝑢 = 𝑢𝑡𝑎(𝐿) − 𝑢𝑡𝑎(0) =
1
2
〈𝑣1
2(0)〉 −
1
𝜏
∫ 𝑣𝑡𝑎
𝐿
0
𝑑𝑥                           (2.38) 
𝑣𝑡𝑎 = −
〈𝑣1𝑣2〉
𝑠2
                                                         (2.39) 
To find an explicit expression for the dc detector response, ∆u, we must solve Eq. 2.31 
and 2.32 for u1 and v1 with the boundary conditions given by Eq. 2.35 and 2.37 and 
substitute the solutions into Eq. 2.38 and 2.39. The solutions for v1 and u1 that are 
proportional to exp(ikx-iωt), we get the dispersion equation as 
ω2 + i
ω
𝜏
+ 𝑠2𝑘2 = 0                                                (2.40) 
The dispersion relation for plasma waves becomes 
𝑘 = ±𝑘0 = ±
ω
𝑠
√1 +
𝑖
ω𝜏
                                              (2.41) 
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Then, the solution to Eq. 2.31 and 2.32 is given by  
𝑢1 = Re[(𝐶1𝑒
𝑖𝑘0𝑥 + 𝐶2𝑒
−𝑖𝑘0𝑥)𝑒𝑖ω𝑡]                                         (2.42) 
𝑣1 = Re [
𝑤
𝑘0𝑠2
(𝐶1𝑒
𝑖𝑘0𝑥 + 𝐶2𝑒
−𝑖𝑘0𝑥)𝑒𝑖ω𝑡]                                  (2.43) 
The C1 and C2 constants are found from the boundary conditions 
𝐶1 =
𝑢𝑎
1 + 𝑒2𝑖𝑘0𝐿
                                                      (2.44) 
𝐶1 =
𝑢𝑎
1 + 𝑒−2𝑖𝑘0𝐿
                                                      (2.45) 
where ua=Ua/m. Using Eq. 2.38, 2.39 and 2.41 to 45 yields the detector response 
∆U=m∆u/e that is the constant source-drain voltage induced by external ac field 
∆𝑈
𝑈0
=
1
4
(
𝑈𝑎
𝑈0
) 2𝑓(ω)                                               (2.46) 
where 
𝑓(𝑤) = 1 + 𝛽 −
1 + 𝛽 cos(2𝑘𝑜
′ 𝐿)
sinh2(𝑘𝑜′′𝐿) + cos2(𝑘𝑜′ 𝐿)
                        (2.47) 
β is  
𝛽 =
2𝑤𝜏
√1 + (ω𝑡)2
                                                 (2.47) 
and k0’ and k0
’’
 are the real and imaginary parts of k0
 
derived from 
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𝑘𝑜
′ =
ω
8
√√1 + (ω𝑡)
−2 + 1
2
                                                (2.48) 
𝑘𝑜
′ =
ω
8
√√1 + (ω𝑡)
−2 − 1
2
                                                (2.49) 
When ωτ>>1, the damping of the plasmons are small. In this case, β=2, k0’/ωs, k0
’’=1/2sτ 
and 
𝑓(𝑤) =
3sinh2(𝐿/2𝑠𝜏) + sin2(𝑤𝐿/𝑠)
sinh2(𝐿/2𝑠𝜏) + cos2(𝑤𝐿/𝑠)
                                      (2.50) 
For a short sample, sτ/L>>1, f(w) exhibits sharp resonances as ω0=πs/2L and its odd 
harmonics. In this case, in the vicinity of the resonance frequencies, when |ω-nω0|<<ω0, 
where n=1, 3, 5, 7…, we find from Eq. 2.50 that 
𝑓(ω) = 4 (
𝑠𝜏
𝐿
)
2 1
4(ω − 𝑛ω0)2𝜏2 + 1
                                     (2.51) 
The factor sτ/L, that determines the quality factor of the plasmons, can be in the range 
from 10 to 100 in AlGaAs/GaAs HEMTs. Eq. 2.51 indicates that the 2DEG in a FET can 
be used for resonant electromagnetic detection. 
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CHAPTER 3 
3. Numerical Analysis 
 
3.1. FDTD Theory 
In order to gain further insight to the physics of THz plasmons, propagation and 
excitation, we can numerically solve the paraxial wave equation. There are numerous 
ways to achieve this. Finite difference time domain (FDTD) is one of the most powerful 
techniques for solving Maxwell’s equations with proper boundary conditions. The 
description and formulation of this iterative method was described in Ref. [1]: 
In our numerical analysis, the THz plasmonic structure is located in a computation 
window frame. The computation window is divided by a three dimensional grid and each 
of these cell are called the Yee cell. The size of these grids, Δx, Δy, Δz, are set to be 
small enough that they do not change drastically from one to the neighboring one. For a 
stable converging solution, the condition that   
√(∆𝑥)2 + (∆𝑦)2 + (∆𝑧)2 > 𝑐∆𝑡 = √
1
𝜖𝜇
× ∆𝑡                       (3.1) 
has to be satisfied. 
In a two dimensional homogeneous medium along one axis, in this case it is z-axis, ε and 
μ is constant along z-axis and J=0, no current, the electromagnetic fields for transverse 
magnetic (TM) can be written in difference iterative form 
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𝐸𝑧
𝑛+1(𝑖, 𝑗) = 𝐸𝑧
𝑛(𝑖, 𝑗) + 𝑍
∆𝜏
∆𝑥
[𝐻𝑦
𝑛+1/2(𝑖 + 1/2, 𝑗) − 𝐻𝑦
𝑛+1/2(𝑖 − 1/2, 𝑗)]            (3.2) 
−𝑍
∆𝜏
∆𝑦
[𝐻𝑥
𝑛+1/2(𝑖, 𝑗 + 1/2)−𝐻𝑥
𝑛+1/2(𝑖, 𝑗 − 1/2)] 
𝐻𝑥
𝑛+1/2(𝑖, 𝑗 + 1/2) = 𝐻𝑥
𝑛−1/2(𝑖, 𝑗 + 1/2) +
1
𝑍
∆𝜏
∆𝑦
[𝐸𝑧
𝑛(𝑖, 𝑗 + 1)−𝐸𝑧
𝑛(𝑖, 𝑗)] 
𝐻𝑦
𝑛+1/2(𝑖 + 1/2, 𝑗) = 𝐻𝑦
𝑛−1/2(𝑖 + 1/2, 𝑗) +
1
𝑍
∆𝜏
∆𝑥
[𝐸𝑧
𝑛(𝑖 + 1, 𝑗)−𝐸𝑧
𝑛(𝑖, 𝑗)] 
where Z=(μ/ε)1/2, ∆τ=c∆t, c is the speed of light, t is the simulation time and ∆t is the 
time step, n is the time iteration, i is the vector component along the x-axis and j is the 
vector component along the y-axis. The eq. 3.2 is solved iteratively for given initial 
conditions. Initial conditions are generally pulsed sources. 
3.2. Numerical Analysis of Absorption and Dispersion Characteristics 
A commercial FDTD simulation tool Lumerical was used to investigate the 
electromagnetic field profile of the plasmons and the plasmonic absorption spectra of the 
studied devices at THz frequencies [2]. Typical simulation setups used for absorption and 
dispersion analysis in our studies are presented in Fig.3.1a and b, respectively. For 
absorption studies, the modes were excited with a broad-band plane wave source whereas 
a dipole source was used for dispersion calculations. In both cases, the polarization was 
perpendicular to the plane of the structure. The source bandwidth was selected based on 
the investigated structures and the targeted spectrum. Longer temporal the pulse width 
generates narrower bandwidth. The plasmons are excited when the momentum and 
energy of the incident wave match to the plasmons’. Reflection and transmission 
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monitors were placed at above and below the devices to calculate their absorption 
spectrum and an electric field monitor was placed around the channel to calculate the 
excitation spectrum of the plasmons. Periodic Bloch boundary conditions are applied to 
each side of the devices which turn the structure effectively an infinite array of the 
studied devices. 
The 2D electron layers in the AlGaN/GaN hetero-interface and the graphene layer were 
defined as plasma layers with specific plasma frequencies and collision frequencies 
extracted from the experimental results reported in the literature. [3,4] Per the following 
equations, plasma frequency is the measure for electron concentration and plasma 
collision time is the measure for electron mobility in the plasma layer:  
ω𝑝 = √
𝑛𝑒𝑒2
𝑚∗𝜀
                                                    (3.3) 
μ = eτ/𝑚∗                                                       (3.4) 
where m
*
 effective mass and ε being permittivity of the material where electrons are 
present. The electron mobility is µ=qτ/m where e is elementary charge, τ is average 
scattering time and m is the effective mass of the electrons. Here, τ defines the plasma 
collision frequency in simulations once the mobility and effective mass is known. 
The plasma frequency used in GaN simulations is 360x10
12
 rad/s and the plasma collision 
frequency was 1x10
12
 rad/s. Physically, plasma frequency depends on the doping level of 
the AlGaN in a GaN device, because, the electrons in the doped AlGaN layer migrate to 
form a 2DEG channel at the heterointerface because of the conduction band 
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discontinuity. At the hetero-interface, conduction band of the GaN layer is below the 
fermi level forming a quantum well which is filled with the electrons from the doped 
AlGaN layer. The thickness of this quantum well defines the thickness of the plasma 
layer which was set to 5nm in the simulations. The mobility of the GaN devices 
dramatically depends on the temperature. As the temperature decreases, the mobility 
increases from 1000 cm
2
/Vs at room temperature to 40000 cm
2
/Vs at 4 K. [5]  Such a 
high mobility value which can be attained at cryogenic temperatures is necessary in order 
to excite high quality factor plasmons and to properly distinguish the plasmonic modes. 
For low mobility values, the modes are broadened and cannot be individually resolved 
since the full width half maximum of frequency represents the lifetime of the plasmons.  
The same approach is also valid for graphene. For graphene, the mobility dramatically 
depends on the doping level because of scattering with impurities of carriers during their 
transport in the channel. In Ref. [6], the dependence of mobility over temperature and 
    
Figure 3.1: Screen shots from the FDTD simulation setups for (a) absorption and (b) 
dispersion calculations. gate is indicated with yellow in a and gray in b and 2DEG is 
indicated with gray. Blue material is GaN at upper side of the 2DEG and AlGaN is at 
lower side of the 2DEG. Right and left boundaries are periodic. Upper and lower 
boundaries are absorbing layer each separated at least half of the longest wavelength. A 
broad band source illuminates the structure. Absorption is calculated from reflection and 
transmission. 
(a) (b) 
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carrier concentration are reported in detail. The metals used for gate electrodes are either 
gold or titanium which have well defined electrical and optical parameters in the THz 
frequency range. These parameters and our simulation methods have been validated by 
numerically reproducing the experimental results both for graphene and GaN/AlGaN 
devices reported in the literature (Fig. 3.2).  
The simulations were terminated when the total electric field converges down to the 
electric field that is 5 to 6 orders of magnitude smaller than the initial electric field value. 
Custom codes for data analysis were used to calculate absorption and transmission 
spectra of the structures. The mesh size was sufficiently small to match experimental data 
for structures with small features. 
In the dispersion studies, the data is recorded for several different k vectors that are added 
to the Bloch boundary conditions with the largest k vector being half of the reciprocal 
lattice of the unit cell. Incident wave spectrum was selected to cover wide THz range. 
The electric field profiles for each simulation were extracted to calculate the total electric 
field at each frequency and momentum value and mapped over a 2D graph by a custom 
code. It should be noted that due to the use of periodic boundary conditions, the presented 
results are for an infinite array of the unit cell described here. 
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Figure 3.2: Comparison of published experimental data with the simulated data. a) 
Transmission spectrum of AlGaN/GaN grating gate FET detectors [4]. b) Simulation 
result for ref [4] c) Transmission spectrum of graphene micro ribbons [3] . d) Simulated 
result for ref [3]. The simulation showed good agreement with the results and parameters 
values of the experiments. Reprinted with permission as per license or document. 
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CHAPTER 4 
4. Plasmon Excitation and Dispersion of Plasmons 
 
4.1. Plasmons in Grating Gate FETs 
The structures investigated in this section consist of graphene layers on sapphire 
substrates as shown in the inset in Fig. 4.1 and comparison of the devices with GaN based 
devices. Titanium grating gates are placed on 17 nm thick SiO2 layer deposited on 
graphene. Different gate period, L, and gate finger length, W, combinations were studied.  
A short channel with high sheet carrier concentration acts as a resonant cavity for the 
plasma waves with the fundamental frequency of 0 and its harmonics. An incoming 
electromagnetic radiation excites plasma waves in such a channel. When 0 >> 1 ( is 
the momentum relaxation time) the resonant condition is satisfied. The electron energy 
dispersion in undoped grapheme is linear E=VF.k with k being the electron momentum 
and VF being the 2D Fermi velocity, which is a constant for graphene (VF =10
8
 cm/ s). 
The linear electron energy spectrum implies zero effective electron mass in graphene. 
The electron “inertia” in massless graphene is described by a fictitious “relativistic” 
effective mass mF=EF/VF
2
, where EF is the Fermi energy. Electron relaxation rate in 
graphene with electron mobility μ can be estimated as 1/τ = e/μmF. Therefore, 0 >> 1 is 
satisfied for  frequencies above 2 THz even for low mobility graphene with μ = 1600 
cm
2
/Vs. Plasmon dispersion in a gated graphene can be formally written in the same form 
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as in a conventional semiconductor structure with substituting the effective electron mass 
by the “relativistic” effective mass mF resulting in  
                                                (4.1) 
where Ns is the sheet carrier concentration, d is the distance between the graphene 
channel and the gate metal,  is the permittivity, q is the plasmon wavevector, which is 
determined by the grating gate period L, q=2/L  (n = 1,2,3…).  
Room temperature operation is a crucial aspect for the practicality of the THz devices for 
many practical applications like medical imaging, security and sensing. In Fig. 4.1 we 
compare the room temperature absorption spectra of Graphene and AlGaN/GaN grating 
gate devices with the same geometrical parameters. The graphene devices present a well 
pronounced resonant absorption peaks corresponding to the fundamental mode and first 
2 4 2
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Figure 4.1: Room temperature absorption spectra of AlGaN/GaN and Graphene grating 
gate FET structures with L=1.5µm W=1.15 µm, NS=7.5×10
12 
cm
-2
. The inset shows the 
cross section of the structure. (i) Graphene, (ii) AlGaN/GaN. 
 
0 1 2 3 4 5 6 7 8
0
10
20
30
40
50
ii
 
 
a
b
s
o
rp
ti
o
n
  
 (
%
)
frequency   (THz)
i
 
W 
L 
substrate graphene 
oxide metal 
42 
three harmonics in the 1 – 8 THz range. The resonant frequencies are in agreement with 
the calculated values using the Eq. 4.1.  
The modulation depth in the absorption spectrum of the periodic gated FET structures is 
also controlled by the carrier scattering rate in the channel. The lower scattering rate in 
graphene compared to GaN/AlGaN heterostructure devices allows clear absorption peaks 
with large modulation depth. Effect of the scattering rate in graphene is presented in Fig. 
4.2. For lower mobilities (curve i and ii) contribution of Drude absorption at the 
background is visible. As the mobility increases, modulation depth increases as especially 
at higher frequency modes.  
An important advantage of the grating gate devices is tunability of the resonant 
absorption frequencies though controlling the charge concentration by the applied gate 
voltage. Fig. 4.3 clearly shows the shift of the resonant frequencies by the charge carrier 
concentration as expected from the Eq. 4.1. It should be noted that the plasmon frequency 
 
Figure 4.2: Absorption spectra of graphene with different mobilities. L=1.5µm W=1.15 
µm, NS=7.5×10
12 
cm
-2
. (i) µ = 3000 cm
2
/V.s (ii) µ = 15000 cm
2
/V.s (iii) µ = 40000 
cm
2
/V.s. 
0 1 2 3 4 5 6 7 8
0
10
20
30
40
50
i
iii
ii
 
 
a
b
s
o
rp
ti
o
n
, 
(%
)
frequency   (THz)
43 
in graphene exhibits different dependence on the gate voltage (~Ns
1/4
) as compared with 
gated plasmons in conventional semiconductor structures (~Ns
1/2
). 
4.2. Plasmons in Linearly Integrated FETs 
We investigated linearly integrated FET arrays (LFETs) which consists of graphene 
layers on sapphire substrates as channel layer. LFETs are composed of a periodic gate 
structure on top of Graphene which allows tunable detection under applied bias. In the 
structure, the periodic source and drain patterns make ohmic contacts with the Graphene 
sheet while the gate is separated from Graphene by SiO2 for plasma wave propagation 
confinement between the metal gate and Graphene. In the analysis, A Graphene sheet is 
placed on a SiO2 substrate with periodic palladium (Pd) gratings on top of Graphene. A 
10 nm Silicon Dioxide (SiO2) layer is placed on top of Graphene to create the cavity for 
plasma wave propagation. Additionally, periodic gate fingers of Titanium (Ti) are placed 
on top of SiO2. Fig. 4.4 shows the cross sectional views of the investigated device.  
 
Figure 4.3: Absorption spectra of graphene grating gate FET structure with different 
carrier concentrations. L=1.5µm W=1.15µm, µ=15000 cm
2
/Vs. (i) Ns = 3.6×10
12
 cm
-2
 (ii) 
Ns = 8.3×10
12
 cm
-2
 (iii) Ns = 1.5×10
13
 cm
-2
. 
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Because of the long momentum relaxation time of Graphene and high mobility at room 
temperature (300 K), very clear resonant modes appear in the absorption spectrum. 
Fig.4.5 shows the Graphene THz LFET detector with different gate dimensions and a 
source-drain distance of 3 µm. Looking at the figure, the size of the cavity under the gate 
 
Figure 4.4: Cross-sectional view of Graphene based Linearly integrated FET (LFET). 
 
Figure 4.5: Absorption spectrum of the LFET array Graphene based device for different 
gate widths (LG) with LSD=3µm at room temperature. (i) LG=2µm (ii) LG=1.5µm (iii) 
LG=1µm  (iv) LG=0.4µm. 
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with length LG changes the resonant modes and smaller LG supports higher frequency 
first mode. Fig.4.6 shows the electric field profile of two FET elements of the Graphene 
LFET device with the plasma wave of the first mode propagating under the gate. It is 
apparent that the relatively long SiO2 side air-interface in the FET elements allows the 
energy of the plasma wave to reradiate and accordingly lower the modulation depth of the 
resonant modes.  
The results of the simulation were compared to the analytical results using Eq. 4.1 for the 
resonant frequencies. For the LFET devices under consideration, the wavelength λ=2LG 
and the wave vector k= 2πn/ LG. This means that the first mode has a propagating plasma 
wave of a half wavelength under the gate contact. The simulated results matched the 
analytical equation with an error reaching 5 % for higher order modes in small gate 
dimensions. These errors are caused by the simplification of the plasma equation used 
and other non-ideal effects. 
 
Figure 4.6: Simulation result of the Graphene LFET device showing two FET elements 
and the propagation of the first mode (a) and second mode (2) where the high electric 
field intensity is shown in red, zero electric field intensity is shown in blue. 
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It is noted that the Graphene under analysis has a mobility of 2390 cm
2
/V.s, carrier 
concentration of 1.5x10
13
 cm
-2
 and a momentum relaxation time of 25x10
-14
 sec. This is a 
reasonable practical value corresponding to defects in the Graphene sheet [1]. Higher 
quality and less defective Graphene with higher mobility values would result in a deeper 
modulation depth of the modes in the absorption spectrum. In order to show the effects of 
the mobility on the operation of the device, higher mobility values of 10000 and 40000 
cm
2
/V.s [2]
 
which were previously measured, are used. Figure 4.7 shows the change in 
the Graphene LFET device response with mobility. Increasing the mobility significantly 
enhances the quality factor of the resonant absorption modes and increases the 
modulation depth because of the lower value of energy loss, caused by scattering effects, 
in the Graphene channel. 
The modulation depth in the absorption spectrum of the periodic gated FET structures is 
also controlled by the carrier scattering rate in the channel. The lower scattering rate in 
 
Figure 4.7: Absorption spectra of graphene LFETs with different mobilities. (i) µ = 3000 
cm
2
/V.s (ii) µ = 15000 cm
2
/V.s (iii) µ = 40000 cm
2
/V.s. 
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graphene devices allows clear absorption peaks with large modulation depth. Effect of 
the absorption rate in graphene is presented in Fig. 4.7. For lower mobilities (curve i) 
contribution of Drude absorption at the background is visible. As the mobility increases, 
modulation depth increases as especially at higher frequency modes. The slight 
background increase with the frequency is due to the decrease of the reflection spectra 
(not shown).  
An important advantage of the LFET plasmonic THz devices is tunability of the resonant 
absorption frequencies though controlling the charge concentration by the applied gate 
voltage. Fig. 4.8 clearly shows the shift of the resonant frequencies by the charge carrier 
concentration. It should be noted that the plasmon frequency in graphene exhibits 
different dependence on the gate voltage (~Ns
1/4
)  as compared with gated plasmons in 
conventional semiconductor structures (~Ns
1/2
). 
 
 
Figure 4.8: Absorption spectra of graphene LFET structure with different carrier 
concentrations. (i) Ns = 3.6×10
12
 cm
-2 
 (ii) Ns = 8.3×10
12
 cm
-2
  (iii) Ns = 1.5×10
13
 cm
-2
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4.3. Dispersion of Symmetrical Gratings 
In this section, we report on a detailed study of dispersion properties of grating gate THz 
plasmonic devices and with symmetry-breaking defect-like cavities. Here we present the 
description of the plasmonic crystal dispersion relation that is framed in the context of the 
optical properties of the THz plasmons. Our numerical and analytical results suggest that 
the dispersion of plasmons can be presented in terms of an effective plasmonic index. 
The dispersion relations of plasmons in a 2D electron gas (2DEG) capped with periodic 
grating gates have energy band gaps in the Brillion zones. Depending on the wave vector, 
the plasmons can have symmetrical, anti-symmetrical and asymmetrical charge 
distributions. Breaking the translational symmetry of the plasmonic crystal lattice by 
changing the electron concentration of the 2DEG under a single gate line in every n
th
 gate 
induces a cavity state. The induced cavity state supports multiple cavity modes inside the 
band gap. The plasmons in such perturbed plasmonic crystal are tightly confined and 
cavities are weakly coupled. The presented results suggest that the cavity states might be 
used for creating localized plasmonic bands of resonant frequencies for resonant THz 
detectors using plasmonic crystals. 
4.3.1. Theory 
A 1D plasmonic crystal as seen in Fig. 4.9 (a) is a 1D periodic structure that consists of 
two different regions with different effective indices of n1 and n2 resulting in two 
different plasmon wave velocities. This produces plasmonic band gaps due to scattering 
of plasma waves at the interfaces between the two regions, provided that the Bragg 
condition is satisfied 
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kP=G/2                                                             (4.2) 
where kP is the momentum of the plasmons and G=2π/L is the reciprocal lattice vector, 
with L is the period of the grating. [3] The non-identical effective indices result from 
differences in plasmon screening in the gated and ungated regions of the THz plasmonic 
structure, and depend on the excitation frequency, structure geometry, and the refractive 
index of the intrinsic semiconductor material in which the 2DEG is embedded. 
Kachorovskii and Shur have shown that the plasmonic crystal dispersion relation can be 
solved for the case of two different gated regions with non-identical wave velocities. [4] 
The effective index of the plasmons describes the velocity of the plasmons; the analogy 
was made by considering that the plasmons have two different velocities in ungated and 
gated regions. The ungated region has an effective index of na while the gated region has 
an effective index of nb. This case can be converted into an optical formalism by 
representing the plasmon wave velocity at ungated region ‘a’ as Sa=c/na and the plasmon 
wave velocity at gated region ‘b’ as Sb=c/nb where c is speed of light. Rewriting Eq. (2) 
of 16 in this notation, we obtain 
 
Fig. 4.9: (a) Schematic representation of a grating gate plasmonic device showing the 
unit cell, gated-ungated regions and layered structure. (b) Effective indices of plasmons 
in gated and ungated regions of the device calculated by using FDTD simulations. 
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𝑘(𝑓) =
1
𝐿𝑎 + 𝐿𝑏
𝑎𝑟𝑐𝑐𝑜𝑠 [𝑐𝑜𝑠
2𝜋𝑓𝐿𝑎𝑛𝑎
𝑐
𝑐𝑜𝑠
2𝜋𝑓𝐿𝑏𝑛𝑏
𝑐
−
𝑛𝑎
2+𝑛𝑏
2
2𝑛𝑎𝑛𝑏
𝑠𝑖𝑛
2𝜋𝑓𝐿𝑎𝑛𝑎
𝑐
𝑠𝑖𝑛
2𝜋𝑓𝐿𝑏𝑛𝑏
𝑐
]                                                        (4.3) 
where f is the frequency, La and Lb are the length of gated and ungated region. 
To calculate the effective indices of the plasmons, a modal source is placed in the 
direction of plasmon propagation and possible modes are calculated. When a plasmonic 
mode is excited, a high electric field is recorded with the monitors. This is repeated for 
different frequencies and only plasmonic modes are selected and corresponding effective 
indices are calculated. The effective indices are shown in Fig. 4.9 (b) are shown for gated 
and ungated plasmons. The gated plasmons are highly confined between the gate and the 
2DEG which makes the effective index high and they have a linear behavior. This linear 
behavior is consistent with previous prediction of dispersion of gated plasmons. The 
effective index starts from 150 and goes as high as 240. The effective indices of ungated 
plasmons have a nonlinear behavior and it starts from the index close to the AlGaN index 
and goes up to 180. This effect arises from the mode to be tighter over the 2DEG and 
index of plasmons are highly affected by the surrounding material index. Such high 
plasmonic indices require momentum matching techniques and they indicate high 
wavelength shrinking. The conventional prism coupling method cannot be used for 
matching the momentum of plasmons for THz plasmonic devices. Only grating coupler 
that have a period around 150 times higher than the wavelength of incident light can 
compensate the momentum mismatch between light in free space and plasmons.  
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4.3.2. Dispersion of Grating Gate FETs 
In this section, the dispersion of plasmons in grating gate devices is studied. The device 
model is considered as a GaN/AlGaN HEMT device. The mobility used is the high 
electron mobility at low cryogenic temperatures, typically below liquid nitrogen 
temperatures of 4 K, in order to excite high quality factor plasmons and distinguish 
plasmonic modes properly. If the mobility is too low, the modes are broadened in energy 
and cannot be individually resolved. 
Three grating geometries are studied. One has a 200 nm gate length with an 800 nm slit 
length, and the other has an 800 nm gate length with a 200 nm slit length, the other one 
has 500 nm gate and slit width. The gate-channel separation is 30 nm in all geometries. 
Both geometries are presented in Fig. 4.10. Fig. 4.10 (b), (c) and (d) compares the 
analytical and numerical dispersion. The dispersion of plasmons calculated using FDTD 
method is shown in Fig. 4.10 (a). The peak points are extracted using a custom Matlab 
code and Fig. 4.10 (b) is obtained. Eq. 4.3 is used along with effective indices of 
plasmons in order to calculate the analytical dispersion. All dispersions are in good 
agreement with analytical calculations, except the mismatch at lower frequencies. The 
effective indices are calculated via FDTD mode calculation method by taking the cross 
section of gated and ungated regions. The gated modes at lower frequencies are highly 
screened by the gate and mode is tightly confined over the AlGaN region. Higher 
frequency modes tend to be closer to 2DEG with less screening creating a less gate effect. 
This causes a dramatic index modulation of the low frequency modes, which is not 
considered in the analytical calculation. The dispersion curves of the grating gated 
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devices show that a band gap is opened up in several energy bands. There are no 
propagating plasmonic modes with purely real crystal wave vectors within the band gap.  
Plasmon Bragg scattering in the periodic structure results in both forward and backward 
traveling waves that interfere constructively to form a standing wave profile. Plasmons 
with momentum of G/2 interfere constructively in the structure forming two standing 
wave profiles with different energies at the band edges. The minima of the high energy 
standing wave form in the lower effective index region, E+ and the maxima of the low 
energy standing wave occur in the high index region E-. Plasmons with energies in 
between the forbidden energy bands interfere destructively and plasmon propagation is 
not allowed along the structure.
 
[5] Hence, a band gap is formed, known as the plasmonic 
 
Figure 4.10: Dispersion curves of grating gate 2D plasmonic devices. The blue solid line 
is the analytical dispersion and circled points are the calculated points by FDTD method. 
Grating gate device with (a)-(b) 200 nm gate length and 800 nm slit length, (c) 500 nm 
gate length and 500 nm slit length, (d) 800 nm gate length and 200 nm slit length. (a) 
shows the plasmonic excitation heat map in logarithmic scale where red indicated high 
level plasmonic excitation and blue indicates low level plasmonic excitation. 
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band gap. The ungated cavity and gated cavity form one larger compound cavity, and 
they cannot be considered as two isolated cavities adjacent to each other. They are 
strongly coupled as seen from the plasmonic field profile in Fig. 4.11 (a) and (b).  
The energy of the E+ and E- modes is related to the distortion in the electric field lines. 
This distortion depends on the gated and ungated region effective index contrast. The 
band gap span also depends on this effective index contrast. Therefore, as the grating gate 
length increases, we expect for the band gap to be widened as seen in Fig. 4.10. [6] Fig. 
4.11 (a) is the an example for E- where the mode is localized around the gated region and 
(b) is an example for E+ where the mode is localized around the ungated region.  
Fig. 4.11 shows the electric field distributions of different frequency-momentum 
configurations. Fig. 4.11 (c) and (d) are an example for anti-symmetric mode at zero 
momentum and (e) and (f) are an example for symmetric mode. While the field 
distribution in half momentum of reciprocal vector is symmetric, the field distribution at 
momentum 0.125 of reciprocal lattice is asymmetric. There are intensity differences 
between the peaks. The charge distributions for symmetrical modes (e) and (f), 
asymmetrical modes (g) and (h) are shown that have comparable sizes of charge signs 
with the amount of charge. 
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At zero momentum, the case for space light coupling to the plasmonic system, only anti-
symmetrical modes can be excited. The band splitting cannot be observed. Only E- or E+ 
makes constructive interference at zero momentum. The plasmon intensity drops to zero 
for each branch at the band edges as seen in Fig. 4.10 (a). 
The electric field within each medium is a summation of an incident plane wave and a 
reflected plane wave. The electric field in the α layer of the nth unit cell can be presented 
by a column vector 
(
𝑎𝑛
𝛼
𝑏𝑛
𝛼)                                                                (4.4) 
The distribution of typical electric field components can be written in an alternating 
 
Figure 4.11: Electric field distributions (|E|
2
) at different wave vectors, energies and 
geometries. Red indicates the high electric fields and blue indicates the low electric field. 
(a) and (b) are modes for the 200 nm gate length and 800 nm slit length device at 3.3 THz 
and 3.9 THz consecutively with momentum close to zero. (c), (d), (e) and (f) are modes 
for the grating gate device with 800 nm gate length and 200 nm slit length. The 
momentum is 0.5 2π/period, at 3.5 THz for (c) and 4.8 THz for (d). The momentum is 0.5 
2π/period, at 3 THz for (e) and 4.5 THz for (f). The momentum is 0.125 2π/period, at 3.5 
THz for (g) and 3.8 THz for (h). 
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periodic medium 
𝐸𝑛
𝛼(𝑥) = 𝑎𝑛
𝛼𝑒𝑖𝑘𝛼(𝑥−𝑛𝐿) + 𝑏𝑛
𝛼𝑒−𝑖𝑘𝛼(𝑥−𝑛𝐿)                           (4.5) 
with 
𝑘𝛼 = 2𝜋𝑓𝑐/𝑛𝛼                                                 (4.5) 
The column vectors are dependent to each other and they are related through the 
boundary conditions at the interfaces. After imposing the boundary conditions as 
continuity of E and ∂E/∂x at the interface results in 
(
𝑎𝑛
𝛼
𝑏𝑛
𝛼) = (
𝐷 −𝐵
−𝐶 𝐴
)
𝑛
(
𝑎0
𝛼
𝑏0
𝛼)                                           (4.6) 
where 
𝐴 = 𝑒−𝑖𝑘𝑙𝐿𝑎 [𝑐𝑜𝑠𝑘ℎ𝐿𝑏 −
1
2
𝑖 (
𝑘ℎ
𝑘𝑙
−
𝑘𝑙
𝑘ℎ
) 𝑠𝑖𝑛𝑘ℎ𝐿𝑏]                           (4.7a) 
𝐵 = 𝑒−𝑖𝑘𝑙𝐿𝑎 [−
1
2
𝑖 (
𝑘ℎ
𝑘𝑙
−
𝑘𝑙
𝑘ℎ
) 𝑠𝑖𝑛𝑘ℎ𝐿𝑏]                                  (4.7b) 
𝐶 = 𝑒−𝑖𝑘𝑙𝐿𝑎 [
1
2
𝑖 (
𝑘ℎ
𝑘𝑙
−
𝑘𝑙
𝑘ℎ
) 𝑠𝑖𝑛𝑘ℎ𝐿𝑏]                                  (4.7c) 
𝐷 = 𝑒−𝑖𝑘𝑙𝐿𝑎 [𝑐𝑜𝑠𝑘ℎ𝐿𝑏 −
1
2
𝑖 (
𝑘ℎ
𝑘𝑙
−
𝑘𝑙
𝑘ℎ
) 𝑠𝑖𝑛𝑘ℎ𝐿𝑏]                         (4.7d) 
This method is explained deeper in ref. [7,30]. By using transfer matrix method described 
from Eq. 4.4 to 4.7d, the electric field intensity of the plasmons can be calculated. Fig. 
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4.12 shows the simulation results and analytical calculations for the mode at Fig. 4.11 (c). 
They are in good agreement by following the same trend. 
4.3.3. Dispersion of a Cavity 
Cavity states can also emerge in plasmonic crystal structures where there is breaking of 
the translational symmetry. In the case of grating gate devices, a cavity element may be 
introduced into the periodic structure by applying a non-identical gate voltage to one 
grating element that changes the electron concentration underneath. Such cavities can 
localize plasmons due to the wave velocity change upon reflection. In Fig. 4.13 (b), we 
show a cavity structure that is achieved by applying a voltage in every 9 elements 
periodically to the grating gate elements. [8,9,10,11] For an isolated cavity, the cavity 
state is dispersionless. For cavities that are in close proximity of each other, plasmonic 
modes can couple to each other. Coupling of such cavities shows dispersion. When 
cavities are in close proximity and they are coupled, the dispersion obtained from the 
analog of the tight binding approximation is; 
𝜔(𝑘) = 𝛼[1 + 𝛽cos (𝑘𝑙)]                                           (4.8) 
where l, α, β, k are superperiodicity (cavity to cavity distance) of the cavities, resonance 
frequency of individual cavity, coupling factor and momentum of plasmons respectively.
 
[12]. The resonance condition is given by  
δ=(2n+1)(λP/4)                                                (4.7c) 
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where δ is the phase shift added to the plasmons while traveling over the cavity element, 
n is the order of the cavity resonance and a positive integer starting from zero, λP is the 
wavelength of the plasmon. 
Setting l, 9 μm, α, 1.7 THz and 3.1 THz for 2 different cavity modes, β, -0.001, we get 
the dispersion shown with blue line in Fig. 4.13 (a). The mode is tightly localized and 
coupling between the cavities is very low. 
To study the formation of cavities in plasmonic crystals with broken translational 
symmetry, we used a model where an electron concentration of 90% of the surrounding 
2DEG occurs below every 9
th
 gate. Experimentally, a grating structure with different 
electron concentration can be achieved by applying a voltage to the corresponding gates 
in a super periodic manner. It might also occur due to the variations of the threshold 
voltage from a gated region to a gated region. Fig. 4.13 (a) shows the dispersion relation 
for a grating gate device with a 900 nm gate length and a 100 nm slit length. The 
horizontal axis is the plasmon momentum and the vertical axis is the plasmon frequency. 
The dispersion is only shown in and near the first band gap because a cavity state is 
 
Figure 4.12: Electric field distributions in a unit cell that is cross section from the middle 
of the AlGaN region shown in green and analytical results are shown in blue. 
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expected to be observed within this band gap. A dispersionless mode is observed at 1.7 
THz in contrast to Fig. 4.10. (d) where it as absent. The additional plasmonic mode is the 
first excited cavity mode within the band gap. The corresponding electric field 
distributions at a momentum of 0.5 of the grating are shown for two branches and the 
cavity mode in Fig. 4.13 (b). 
Optical cavities that localize light in the forbidden band gap can be obtained by breaking 
the symmetry of a photonic crystal.[13,14] High transmission bands at frequencies within 
 
 
Figure 4.13: (a) Dispersion curve of grating gate 2D plasmonic devices with cavities in 
red and analytically calculated cavity modes in blue. Grating gate device geometry has 
900 nm gate length and 100 nm slit length. (b) Schematic representation of a grating gate 
plasmonic device unit cell with cavity with semi-infinite crystal on either side is shown. 
The cavity region is presented with a different color over the 2DEG. |E|
2
 of the 
corresponding branches are shown. (c) Electric field distributions in a unit cell that is 
cross section from AlGaN region shown in red and analytical results are shown in blue. 
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the band gap of the photonic crystal can be achieved.[15] New electromagnetic modes in 
the cavities are created due to the constructive interference of the photons for 
wavelengths within the cavity region.  
Fig. 4.13 (b) shows the electric field distributions of the plasmonic modes for each 
corresponding plasmonic mode branch at the band edge. The blue regions on the graph 
show the plasmon electric field distribution minima while the red regions represent the 
maxima. A plasmonic cavity state is created around 1.7 THz. The gap can be identified in 
between 1 THz and 1.8 THz. From Fig. 4.13, it is clear that the slope of the cavity state 
defines a standing wave since the derivative of the dispersion is zero corresponding to the 
zero group velocity, which is the indication of a standing wave profile.  
The group velocity of the cavity state indicates that, for our configuration, the cavities are 
weakly coupled. 
To see how plasmonic cavity mode localizes at the cavity structures, the electric field 
intensity profiles of the cavity mode have been simulated. The electric field intensity 
distribution is shown in Fig. 4.13 (b) C1 for the first cavity mode supported by the 
structure. The field distributions show that the electric field peaks are located within the 
cavity regions, which are excited at the resonant frequencies supported by the cavity 
structure. The resonant modes are widely distributed over the uniform grating side while 
creating an interference pattern that is the highest at the center of the uniform grating 
region. By controlling the electron concentration of the cavity structure, the resonance 
condition can be tuned as we discussed in pervious section. The analytical calculations 
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for Electric field are performed by using ref. [16] They show good agreement as well as 
seen in Fig. 4.13 (c). 
4.4. Dispersion of Asymmetrical Gratings 
We report on numerical study of dispersion properties and frequency dependent 
absorption characteristics of asymmetric dual grating gate Terahertz (THz) plasmonic 
crystals. The study shows that the dispersion relations of plasmons in a 2-dimensional 
electron gas (2DEG) capped with asymmetric dual grating gates have energy band gaps 
in the Brillion zones. Depending on the wave vector, the plasmons can have symmetrical, 
anti-symmetrical and asymmetrical charge distributions that are different from the ones 
for uniform gratings case. Plasmons in the studied plasmonic crystal exhibit both tightly 
confined/weakly-coupled behavior and propagating/strongly-coupled behavior depending 
on the plasmonic modes. The responsivity of the plasmonic detector based on asymmetric 
dual grating gate does not monotonically decrease with the frequency, which is in 
contrast to the responsivity of uniform grating THz detectors. 
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The dispersion characteristics of plasmons reveal many important properties of the 
plasmons such as the localization of the plasmons, the electric field profile distribution, 
the group velocity etc. The charge distribution along the channel of the FET is especially 
important since they contribute to THz detection. Unlike uniform grating gate devices, 
ADGG HEMT device architecture has a geometry that cannot sustain a symmetric charge 
distribution. An asymmetric charge distribution can create a net dipole moment along the 
channel and result in a higher THz response. The THz-induced DC voltage response can 
be calculated by integrating the induced electric field distribution along the channel. 
Therefore, understanding the field and charge distribution in the device and their effect 
on responsivity would allow design of better performing THz detectors. In this study we 
also investigated the absorption spectrum of the device since the response of the detector 
strongly depends on the absorption. The presented analyses of the plasmonic crystal 
dispersion are based on the optical properties of the THz plasmons in 2D cavities which 
are obtained using FDTD method. 
 
Figure 4.14: (a) Numerically calculated effective indices of plasmons at gated and 
ungated regions. (b) The mode profiles of gated and ungated plasmons at 2 THz. The 
inset is the extended ungated mode profile. The different material regions are separated 
with dashed black lines. The right most region is considered as gate for gated modes and 
air for ungated modes. 
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4.4.1. Dispersion of Asymmetric Dual Grating Gate FETs 
The effective index of a resonant mode is a combination of gated and ungated plasmon 
effective indices since they are coupled and cannot be separated from each other. When 
we consider a uniform grating gate device with a very short gate where the limit of the 
gate length goes to zero, the effective index a resonant mode will be close to ungated 
mode. Conversely, in the long gate device where the limit of the gate goes to the 
periodicity, the effective index of the mode will be closer to the gated effective index of 
the plasmons. So, the effective index of a resonant mode is expected to be in the region 
between the gated effective index and ungated effective index shown in Fig. 4.14 (a). 
Also, for the short gates the effective index will be smaller compared to the longer gates. 
The effective indices (Fig. 4.14 (a)) are calculated via FDTD mode calculation method by 
taking the cross section of the gated and the ungated regions. The mode profiles of the 
plasmons for gated and ungated regions are shown in Fig. 4.14 (b) for 2 THz. The gated 
plasmonic modes at lower frequencies are highly screened by the gate and tightly 
confined over the AlGaN region. Higher frequency modes tend to be closer to 2DEG 
 
Figure 4.15: Schematic representation of an asymmetric grating gate plasmonic device 
showing the unit cell and the gated-ungated regions where the width of gated region 1 is 
900 nm, width of ungated region 1 is 250 nm, width of gated region 2 is 400 nm and 
width of ungated region 2 is 450 nm. The unit cell width is 2 μm. The dielectric above the 
2DEG is set to AlGaN and below is set to GaN. 
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with less screening resulting in smaller gate effect, which causes a dramatic index 
difference at lower frequencies. This effect can be observed in Fig. 4.14 (a), as the 
frequency increases, the effective index difference between the gated mode and ungated 
mode decreases. The effective index of plasmons under the gate is 15 times higher than 
the ungated plasmons at 1 THz.  
Fig. 4.16 shows the plasmonic dispersion characteristics calculated using FDTD method. 
The x-axis represents the plasmon momentum Γx in x direction where Γx at 0.5 is 
G/2=nπ/L, G is the reciprocal lattice vector (2π/L), n is an integer; L is the unit cell 
length. The peak points are extracted using a custom code. The dispersion curves for the 
grating gated devices show that a band gap is opened up in several energy bands in which 
there are no propagating plasmons. The resulting dispersion curves are not similar to the 
uniform grating dispersion curves like having cavity like standing wave bands. [17]. 
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A periodic structure causes Bragg scattering of plasmons. This scattering results in 
forward and backward traveling waves, which forms a standing wave due to their 
constructive interference. If plasmon momentum is half of the reciprocal lattice vector G 
or 0, plasmons interfere constructively in the structure forming two standing wave 
profiles with different energy levels at the band edges. The high energetic plasmon 
standing wave profile, E+, tends to localize over the lower index region, and the low 
energetic plasmon standing wave profile, E-, tends to localize over the high index region. 
This is a result of the splitting of the bands at Brillion zones. If the energy of the 
plasmons falls between these two energy levels, plasmons interfere destructively 
 
Figure 4.16: (a-l) Normalized Electric field distributions (|E|2) at different wave vectors 
and energies. The modes on the left are zero momentum plasmonic modes; the modes on 
the right are half reciprocal lattice vector momentum plasmons. Red indicates the high 
electric fields and blue indicates the low electric field. The corresponding momentum-
energy is indicated on the graph in blue letters. (m) The calculated dispersion of ADGG 
HEMT where x-axis is the momentum of the grating. 
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resulting in no propagation along the structure [18]. This behaviour of plasmons causes 
formation of a band gap, which is known as the plasmonic band gap. 
Fig. 4.16 (c) is an example for E+ for which the mode is localized around the gated region 
1 and (b) is an example for E- for which the mode is localized around the gated region 2. 
Since the gated region 1 is wider than the gated region 2, the mode in the gated region 1 
has a tighter confinement than the one in the gated region 2, which results in higher 
screening of plasmons and higher effective index of plasmons in the gated region 1. 
The plasmonic mode distribution in Fig. 4.16 (b) has maxima under the gated region 1 
while the maximum in Fig. 4.16 (c) is under the gated region 2. The modes corresponding 
to the 2
nd
 branch (Fig. 4.16 (m)) are shown in Fig. 4.16 (a) and (g). The mode starts at 
gated region 1 and ends up in the gated region 2. Considering that the derivative of 
dispersion (dw/dk) is the group velocity, this branch corresponds to propagating plasmons 
with a non-zero group velocity and the mode maxima changes its location as the 
momentum changes. The 3rd branch has a semi-propagating behavior as its derivative 
(dw/dk) is smaller than the one of the 2
nd
 branch. Hence, the mode profile at the lower 
side of the branch (point (b) in Fig. 4.16 (m)) is localized in the gated region 1 (Fig. 4.16 
(b)) and as the momentum increases the mode profile does not totally relocate to the 
gated region 2. Instead, it partially shifts to the gated region 2. The same behavior is also 
observed for the 5
th
 (Fig 4.16. (d) to (j)) and 6
th
 (Fig 4.16. (e) to (k))  branches. Therefore, 
these plasmonic modes are weakly coupled localized modes. The 4
th
 branch shows the 
same properties with the 2nd branch. The mode starts at the gated region 1 and totally 
shifts to the gated region 2 from (c) to (i). So these modes are the strongly coupled 
(a) 
(b) 
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plasmonic modes. The observed behaviors of the branches are completely different than 
the ones for uniform grating gate devices [16,19,20].  
The asymmetrical unit cell results in a non-uniform plasmonic mode distribution along 
the channel, which causes non-uniform charge distribution with dipoles along the 
channel. The unit cell behaves as a net dipole source and creates a potential difference 
between its two ends. Therefore, the entire device with several unit cell behaves like a 
collection of serially connected voltage sources which could yield high responsivity for 
an incident THz wave. 
4.4.2. Absorption and Terahertz Responsivity 
We also calculated the absorption and response of the periodic device using FDTD 
method. Since we use Bloch boundary conditions, the structure can be considered as 
infinite number of unit cells. A perpendicular plane wave source was set up to illuminate 
the device from the top along with a monitor at the back of the source to record the 
 
Figure 4.17: (a) The absorption comparisons of a uniform grating with 900 nm gate 
width and 100 nm slit width and the asymmetric grating gate structure discussed in this 
paper. (b) Calculated absorption of the incident plane wave over the device, y-axis in log 
scale and Calculated THz response of the device in y-axis log scale. 
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reflected wave, another monitor at the bottom of the device buried inside the GaN layer 
to record the transmitted wave. We monitored the electric field in the 2DEG and 
integrated it along the x direction, (along the 2DEG channel) to calculate the voltage 
response of periodic structure. Fig. 4.17 (a) shows the THz absorption of the periodic 
structure as a function of incident wave frequency. The corresponding resonant plasmons 
distributions are shown in Fig. 4.16 a-f respectively. The momentum of the incident wave 
is set to zero in the direction of the grating momentum, and hence, the parallel component 
of the incident wave is zero. Seven different resonant modes are observed in the 
absorption spectrum with different amplitudes the maximum of which reached to 30%. 
This behavior is quite different from typical absorption spectra for a uniform grating gate 
device where the absorption of the fundamental mode is the highest and absorption 
decreases with increasing mode number [21]. Fig. 4.17 (b) also shows the response of the 
device for the same spectral range along with the absorption in semi-log scale. There is a 
correlation between the THz response and the absorption, as the absorption increases, the 
response also increases. The responsivity of one unit cell can reach higher than 10 kV/W; 
which is in agreement with the experimentally measured value of 25 kV/W for a similar 
ADGG HEMT [21].  
The non-uniform responses and absorptions of the resonant modes are caused by the 
asymmetric unit cell. In a grating gate device, the absorption depends on the dissipation 
losses and radiative losses of the modes [22]. The dissipation loss is proportional with the 
frequency, as the frequency increases, the dissipation loss increases, and the radiative loss 
is proportional to the gate length to slit length ratio, as the ratio decreases, radiation loss 
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increases [23]. The two different gate length results in different amount of radiative loss 
and each plasmonic mode has different amount plasmonic confinement under the gate 1 
and gate 2 which results in a different amount of radiative loss in each mode. Such a 
behavior causes non-uniform amount of absorption as a function of frequency. Fig. 4.17 
(b) also presents a comparison of the absorption of the ADGG device to a symmetric gate 
device.  
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CHAPTER 5 
5. Ratchet Effect In Two-Layer Grating Systems 
 
In this chapter, how a two layer grating structure responds to incident THz field is 
discussed. The Ratchet effect is observed as described in the literature. Momentum 
matching is a critical requirement to excite plasmonic oscillations in a high carrier 
concretion medium, such as 2DEG channel of semiconductor heterostructures or 
graphene. This requirement is typically satisfied by periodic gate metals (grating gate) 
and only the plasmons with momentum of the grating gate could be excited since the 
momentum of incident wave is orders of magnitude smaller than the grating momentum. 
Here, we present a new method to excite the plasmons in a plasmonic crystal with 
momentum different than the grating gate momentum by adding an additional grating on 
top of the grating gate with a different periodicity which enhances the momentum of 
incident light. While the single layer grating gate excites zero momentum plasmons have 
asymmetrical (with even number of maxima) charge density distribution, the proposed 
double layer grating gate allows excitation of plasmons with symmetrical (with odd 
number maxima) charge distribution. The proposed double grating gate plasmonic 
crystals provide better understanding of EM wave-plasmon coupling and pave the way to 
demonstrate advanced THz plasmonic detectors with better tunability and improved 
responsivity.  
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5.1. Theory and Analytical Approach 
The coupling efficiency of single gate plasmonic devices to THz radiation is weak due to 
small active region of these devices. To mitigate this problem, grating gate couplers on a 
large active region and linearly integrated Field Effect Transistor (FET) arrays with high 
integration density are proposed. [1,2] Structures with grating gate couples are also 
known as plasmonic crystals. Momentum of an incident THz radiation is two orders of 
magnitude smaller than the plasmons excited in a high carrier concentration 2D channel. 
Grating gate over the channel compensates the necessary momentum for excitation of the 
plasmons. The excited plasmons in such a system can only take the momentum values of 
G=nπ/λ, where G is the reciprocal lattice vector, n is the order of diffraction and λ is the 
period of the grating gate. The excited plasmonic modes have an anti-symmetrical charge 
distribution and even numbers of minima-maxima of charge concentration. Resonant 
absorption of incident THz radiation in such structures can only be achieved by excitation 
of plasmons by matching the momentum of plasmons and incident radiation. Recently, 
dispersion of plasmons have been extensively studied which revealed extraordinary 
behaviors such as plasmons at zero momentum have zero group velocity while plasmons 
with quarter momentum of the period have non-zero group velocity. Moreover, plasmons 
with zero momentum have zero dipole moment and non-zero momentum plasmons can 
have a net dipole moment. Here we present a new method to excite zero momentum and 
odd number of maxima symmetrical THz plasmons in a plasmonic crystal, which opens 
up new possibilities in THz plasmonics. 
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A 1D plasmonic crystal shown in in Fig. 5.1 (a) is a periodic structure repeating itself in 
one direction and consists of two different regions with different effective plasmon 
refractive indices of na and nb resulting in two different plasmon wave velocities. This 
results in plasmonic band gaps in dispersion due to scattering of plasma waves at the 
interfaces between the two regions, provided that the Bragg condition is satisfied kP=G/2 
 
Figure 5.1: Schematic representation of (a) grating gate and (b) coupler grating gate 
plasmonic devices with semi-infinite crystal on either side. The ungated region has an 
effective index of na and gated region has an effective index of nb. The unit cell of each 
configuration is shown. Plasmon dispersion of (c) single grating gate and (d) coupler 
grating gate devices where λ=La+Lb. Red regions represents the propagating plasmons 
while blue regions represents the dissipating plasmons. Dispersion of the baseline grating 
gate device shown in Fig.6.1 (c) presents several band gaps opened at zero momentum 
and in Brillion zones. Here the coupling of the light from free space is achieved by the 
Fourier harmonics of the grating gate. When an additional grating gate is introduced on 
top of the first one with a π phase shift, the unit cell changes as shown in Fig. 6.1 (b) and 
reciprocal lattice vector reduces to half. This results in formation of band gaps at half 
momentum of the original reciprocal lattice as shown in Fig. 6.1 (d). The bands are 
mirror folded from the center of the Fig. 6.1. (c), this also results in excitation of 
additional modes at zero momentum. 
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where kP is the momentum of the plasmons and G is the reciprocal lattice vector.[3] As 
the plasmons propagate along the plasmonic crystal, they will be affected by two 
different media, in gated and ungated regions. The refractive indices of these two regions 
and the plasmon mode distributions are different from each other which results in 
observation of two different effective refractive indices. The non-identical effective 
refractive indices result from differences in plasmon screening in the gated and ungated 
regions of the structure, and it depends on the frequency, structure geometry, and the 
refractive index of the material in which the 2DEG is embedded. 
Kachorovskii and Shur have shown that the plasmonic crystal dispersion relation can be 
solved for the case with two different gated regions with non-identical wave velocities.[4] 
Effective indices for the plasmons define the velocity of the plasmons. A similar 
approach could be used to study the different plasmon velocities in gated and ungated 
regions. In this case, dispersion relation could be found using an optical formalism by 
representing the plasmon wave velocity at ungated region ‘a’ as Sa=c/na and the plasmon 
wave velocity at gated region ‘b’ as Sb=c/nb where c is speed of light and na and nb are the 
effective indices at ungated and gated regions, respectively. Then, an optical description 
of the plasmonic system describing plasmonic modes can be given as: 
𝑘(𝑓) =
1
𝐿𝑎 + 𝐿𝑏
𝑎𝑟𝑐𝑐𝑜𝑠 [𝑐𝑜𝑠
2𝜋𝑓𝐿𝑎𝑛𝑎
𝑐
𝑐𝑜𝑠
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𝑐
−
𝑛𝑎
2+𝑛𝑏
2
2𝑛𝑎𝑛𝑏
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2𝜋𝑓𝐿𝑎𝑛𝑎
𝑐
𝑠𝑖𝑛
2𝜋𝑓𝐿𝑏𝑛𝑏
𝑐
]                                                        (6.1) 
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where f is the frequency, La and Lb are the length of gated and ungated region. This 
equation is analogous to the one for light dispersion in Bragg reflectors.  
The characteristic matrix M(Λ) for multilayer structure is expressed as  
𝑀(Λ) = ∏ [
𝑐𝑜𝑠𝛿𝑖 −𝑖𝑠𝑖𝑛𝛿𝑖/𝜂𝑖
−𝑖𝜂𝑖𝑠𝑖𝑛𝛿𝑖 𝑐𝑜𝑠𝛿𝑖
]
4
𝑖=1
= [
𝑚11 𝑚12
𝑚21 𝑚22
]                 (5.2) 
The dispersion relation is defined as 
𝐾 =
1
𝐿
𝑎𝑟𝑐𝑐𝑜𝑠
𝑚11 + 𝑚22
2
=
1
𝐿
𝑎𝑟𝑐𝑐𝑜𝑠𝐷                                (5.3) 
where D is 
𝐷 = −
1
2𝑛𝑎𝑛𝑏𝑛𝑐𝑛𝑑
…                                                               
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Fig.5.1 (a) and (b) shows the baseline and proposed double layer grating gate plasmonic 
crystals, respectively. The grating gate periodicity is1 μm in both devices, gate length is 
0.9 μm and gate separation is 0.1 μm. The coupler grating gate in the proposed structure 
has the same gate length with 2 μm periodicity. The unit cell of the baseline device is 1 
μm, while the proposed device has a unit cell of 2 μm. . The dispersions of the plasmons 
are shown in Fig. 5.1 (c) for the baseline grating gate in 1(d) for coupler grating gate 
devices. The dispersion relations calculated analytically and numerically are in good 
agreement as described in detail in previous chapters. 
 
 
Figure 5.2: (a) The effective index of plasmons, (b) effective gate length derived 
empirically, (c) dispersions of plasmons, simulation in red, calculation in blue are shown. 
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When there is a coupler grating, it behaves as a coupler by increasing the momentum of 
the incident light, while the grating gated region behaves as a medium where the 
plasmons propagate, the additional grating only contributes by enhancing the momentum 
of the incident light. Plasmons with zero momentum can be excited when the THz light is 
incident over the plasmonic crystal coupling from free space. 
The coupler grating also introduces a cavity like mode where it overlaps with the ungated 
region of the grating gate underneath. It disturbs the periodicity of grating gate and 
modifies the dispersion. Instead of having a consecutive ungated and gated region for 
grating gate devices in the unit cell, the unit cell is modified to gated region one, gated 
region two, gated region one and ungated region. The branches at 1.9 THz and 2.2 THz in 
Fig. 5.1 (d) correspond to such cavity states behaving almost like a flat band which is the 
typical behavior of a standing wave cavity state.  
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Since the secondary unit cell modifies the unit cell to 4 parts, one needs to modify the 2 
element dispersion Eq. 5.1 to 4 elements unit cell. By using the transfer matrix method 
(TMM), the dispersion is recalculated for the modified structure. From Eq. 5.2 to Eq. 5.4 
we derive the dispersion. The dispersion equation takes a pretty long format as in Eq. 5.5. 
By using the effective gate length as shown in Fig. 5.2 (b) and effective index method as 
discussed in previous chapters, the dispersion calculated by the simulation and theory are 
in good agreement. The theory and simulation matched better for high frequency modes 
since at high frequencies, the effect of gate becomes smaller and modes are closer to the 
2DEG.  
5.2. Effect of Phase Shift on Absorption and Mode Distribution 
In Fig. 5.3, the effect of phase shift in the coupler grating is presented. As the phase of 
the coupler grating compared to the grating gate increases to π, the absorption makes 
maxima and the decreases to zero as the phase goes to 2π because of the symmetry of the 
 
Figure 5.3: (a) The absorption spectrum of single grating gate and double grating gate 
devices when the THz light is incident over the system to excite the plasmons at zero 
momentum. (b) The absorption normalized according to 2π phase shift. Red regions 
represent the observation of new plasmonics modes as the phase shift modulates. 
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structure. The maximum excitation of coupled modes are shown in Fig. 5.3 (a) and the 
normalized phase shift absorption is shown in Fig. 5.3 (b) which has a mirror fold 
symmetry from π phase shift. In order to excite the odd plasmonic modes, the grating 
should have a π phase shift because, the odd modes has a π phase shift from the even 
modes, that is why only even modes have been observed so far in experimental and 
theoretical/numerical studies. The modes that are excited with the grating coupler have to 
follow the phase of the grating. Electric field of the incident wave spatially modulated is 
as follows [5] 
𝐸(𝑡, 𝑥) = [1 + ℎ̂𝑐𝑜𝑠(𝑘𝑥 + 𝜑)]𝑒(𝑡)                                     (5.6) 
where ĥ is the diagonal 2x2 matrix with diagonal components of ĥx and ĥy, 
e(t)=(ex(t),ey(t))is the in-plane oscillating vector that has the components depending on 
the polarization and φ is the phase shift. Fig. 5.4 shows the comparison of the simulation 
and the theory for the phase shift dependence on the E field intensity for the fundamental 
 
Figure 5.4: Phase shift dependence of a resonant plasmonic mode induced by the upper 
grating. Normalized electric field intensity is considered. 
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mode. They clearly match. Here, they have mirror symmetry from pi phase shift as in 
Fig. 5.3 (b).  
The absorption at resonance frequencies are defined as [6,7] 
𝐴𝑛−𝑟𝑒𝑠 =
2𝛾𝑒𝛾𝑟𝑛
(𝛾𝑒 + 𝛾𝑟𝑛)2
(1 −
√𝜀 − 1
√𝜀 + 1
)                                (5.7) 
where γe is the dissipative damping, γrn is the radiative damping end ε is the substrate 
dielectric constant. The secondary grating changes the absorption levels of the resonant 
modes of the primary grating. For the first mode, it slightly suppresses the absorption and 
for the higher order modes, it dramatically increases the absorption levels such as almost 
2, 3 and 4 times increase for 3
rd
, 4
th
 and 5
th
 modes consecutively. While γe is the same for 
single and double grating geometries, only γrn is changing when a secondary grating is 
 
Figure 5.5: Plasmon electric field |E|
2
 distributions at zero momentum for double grating 
gate devices. First 6 modes are shown form (a) to (f) with and increasing mode number. 
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introduced. Since one in two parts of the slits in a unit cell is now covered by the 
secondary grating, the radiative damping is suppressed and this causes better absorption. 
Maximum Eq. 5.7 of is 0.5 which corresponds to a %50 percent absorption when γe= γrn. 
Since we have high mobility values, γe is small which depends on electron scattering 
time. γrn becomes smaller and gets closer to γe with the secondary grating and the 
absorption increases for the higher modes. 
Fig. 5.5 shows the electric field distributions of plasmons excited at zero momentum. 
When looking at the total number of the electric field maxima in Fig. 5.5 (a), (c) and (e), 
they show odd number off modes and (b), (d) and (f) show even number of modes. Even 
modes can also be observed with single grating, but the odd modes can only be observed 
with coupler gratings. In Fig 5.5 (a), the fundamental mode shows an unusual behavior. 
Each grating gate in the unit cell is charged with a single charge at an instant. This 
behavior is like a capacitor and it can make possible to measure the responsivity like an 
 
Figure 5.6: The absorption spectrum of single grating gate and double grating gate 
devices when the THz light is incident over the system to excite the plasmons at zero 
momentum. 
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oscillating capacitor. While there will be positive charge under one gate, there will be 
negative charge on the other gate. For this purpose, each gate in unit cell needs to be 
connected in an interdigitated configuration in to two groups. Capacitance can be 
measured between the both ends. 
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CHAPTER 6 
6. Circular Grating Terahertz Plasmonics 
 
Devices those are able to Focus plasmons are proposed in visible and near infrared region 
by using metal structures [1]. The plasmonic focusing has also been achieved with 
several methods in THz but not in-plane deep sub-wavelength regime [2,3,4]. λ/250 has 
been achieved by tapered metal-plasmon tip [5]. In this paper, we propose a new design 
for plasmonic devices that has the capability of focusing the incident THz radiation into 
deep sub-wavelength volume independent of its polarization. Moreover, the resonant 
modes of the focused plasmons can be tuned by the applied voltage on the metallic 
gratings. The proposed devices can find applications in THz detection with the advantage 
of tunability and the proposed device can also solve the sub-wavelength imaging demand. 
6.1. Circular Lens Structure 
In plane THz plasmonic concentrator device consists of periodic concentric metallic rings 
placed on AlGaN/GaN heterojunction substrate as presented in Fig. 6.1. The abrupt 
junction of the GaN/AlGaN interface plane causes the creation of 2DEG on the interface. 
The periodicity in the radial direction compensates the momentum for excitation of the 
plasmons in between the metal and 2DEG. These plasmons obey the gated 2DEG 
plasmon dispersion. The outer edge of the outer most rings is assumed to be mesa etched 
which results in isolated cylindrical active region. This etched interface causes the 
reflection of the plasmons. 
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The simulation results indicate that gated plasmons are excited under all the circular 
gratings. Plasmons propagate parallel to the direction of the electric field of the incident 
radiation. They interfere with each other forming a standing wave profile. The highest 
electric field intensity is observed under the central ring since, as plasmons propagate, the 
plasmonic intensity is concentrated under the central ring and expanded at the outer rings. 
The plasmons are reflected back from the outer boundaries of the circular mesa and the 
process continues as they attenuate. The quality factor of the plasmons should be higher 
than the number of the gratings, the plasmons excited at the outer rings can reach to the 
central ring before they attenuate and thereby contribute to the focusing. The electric field 
intensity is expected to be the highest at the central ring at the frequencies of the resonant 
plasmonic modes according to the focal effect of the structure.  
6.2. Lensing Effect 
Areal electric field density is calculated by dividing the total electric field within a region 
to its total area. Fig. 6.2 (a) shows the electric field densities of the central ring and outer 
rings as a function of frequency. At the resonant plasmonic modes, a peak in electric field 
density is observed and the electric field density under the central ring is much higher 
 
Figure 6.1: (a) THz plasmonic concentrators with concentric circular gratings. (b) The 
cross section of the AlGaN/GaN devices passing from the center of the circular grating 
structure. (c) Cross section of the graphene devices. 
86 
than that of the electric field intensity under the outer rings. The electric field intensity at 
the central point can be 6 orders of magnitude higher than that at the outer ring point 
where the polarization of incident radiation is perpendicular. The ratio of the electric field 
density under the central ring to the outer rings gives the compression ratio or field 
enhancement ratio. As the Fig. 6.2 (b) shows the electric field can be 80 times higher 
under the central ring which indicates plasmons can be concentrated up to 80 times 
higher intensity. 
The electric field distribution of the fundamental mode is shown in Fig. 6.3 (a). Two 
electric field peak intensities are observed at the center of the structure. Those two peaks 
are a result of anti-symmetric nature of the gated plasmonic mode [6]. The electric field 
intensity on a line passing through the diameter that is parallel to the polarization of the 
incident radiation is shown in Fig. 6.3 (c). Two sharp and high electric field intensity 
peaks at 1.3 THz is observed near the center of the ring. The second mode shows four 
 
Figure 6.2: (a) Electric field density under the central ring and under the outer rings. The 
total electric fields under the central and outer rings are divided by the total are of the 
rings. (b) Electric field density ratio under the central ring to the electric field intensity 
under the outer rings. The ratio gives the strength of the electric field confined at the 
central ring compared to the outer rings. 
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peaks as seen in Fig. 6.3 (b) which is again because of the nature of the gated plasmons. 
The summation of all electric field distribution over the complete spectrum is shown in 
Fig. 6.4 (c). The total plasmonic interference pattern exhibits two peaks under the central 
ring that are very close to the central point of the ring. The distance between these two 
peaks is a few hundreds of nanometers. The plasmons are confined in between 2DEG and 
circular gratings. The confinement of plasmons is not just in 2D, the confinement is 
actually in 3D. Therefore, plasmons are highly concentrated under the central ring.  
6.3. Analytical Approach 
The 2D electric field distribution of the plasmons is presented in Eq. 6.1 in cylindrical 
coordinates. An analogy with the infinite quantum well is used to develop the equation. 
First sinusoidal term describes the mode confined under the individual grating. This term 
is like particle in a box wave equation. Exponential term defines the propagation or 
dissipation loss of the plasmons [7] as they propagate in the radial direction. Plasmons 
have a 1/r field distribution from the center
 
[8] as they concentrate or dilute. The last 
 
Figure 6.3: (a) Simulated electric field mode distribution for the fundamental mode in 
between the grating and 2DEG,(b) second mode, (c) Electric field intensity from the 
diameter parallel to the polarization of the incident THz radiation for the fundamental 
mode, x-axis is the pixel in simulation. 
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sinusoidal term is the contribution of the polarization effect of the incident radiation on 
the circular grating. The z dependence of the E field has e
-αz
 with different α values for 
different mediums [9]
 
which is not included in the equation. Electric field distribution in 
cylindrical coordinates in 2D can be written as 
                                 (6.1) 
where E0 is the constant, n is the mode number, λ is the half period, LSPP is the plasmon 
propagation length.  The fundamental mode is calculated with n=1 and the results is 
presented in Fig. 6.4 (a). The highest intensity is observed under the central ring and 2 
high electric field peaks are distinct. The second mode is calculated for n=2 and resulting 
electric field profile shows four high intensity peaks under the central ring as seen in Fig. 
6.4 (b). The summation of electric field intensity distribution from mode 1 to mode 5 is 
2
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Figure 6.4:.(a) Calculated electric field intensity of the fundamental mode in between the 
circular grating and 2DEG, (b) second mode, (c) summation of modes from 1 to 5. (d) 
Relative electric field intensity on the diameter parallel to the polarization of the incident 
radiation (i) numerical simulation (ii) analytical calculation using Eq. 7.1 is shown.  
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presented in Fig. 6.4 (c). The total electric field distribution reflects the actual grating 
structure assuming with high duty cycle. The model agrees with the simulation results.  
6.4. Effect of Mobility and Duty Cycle on Lensing  
The duty cycle (w/L) has a dramatic effect on the quality factor of the plasmonic modes. 
The electric field intensity under the central ring vs. frequency for different duty cycles is 
presented in Fig. 6.5 (a). Radiative damping strongly depends on relation between 
wavelength of the incident radiation and geometry of the structure and increases as the 
slit size gets smaller. Further decrease of the slit size makes radiative damping larger than 
dissipative damping which causes absorption rate starts decreasing. The radiative 
damping and dissipative damping should be close to each other in order to optimal 
absorption and propagation of THz as described before. 
Graphene has high electron mobility characteristics at room temperature which makes it a 
  
Figure 6.5: (a) Normalized electric field intensity under the central disc vs. frequency for 
different duty cycle of circular gratings. (b) Total electric field profile for 87% duty 
cycle, (c) 60% duty cycle and (d) 33% duty cycle. 
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very attractive material for THz plasmonic applications. We investigated the response of 
the graphene based circular gratings to the incident THz radiation by modulating the 
electron mobility of the graphene. 
In our graphene lens design, a graphene layer is placed on a THz transparent substrate 
and covered by a thin layer of dielectric layer. On top of the thin dielectric layer, a 
circular grating structure is described as in GaN/AlGaN devices. Fig. 6.1 (c) is showing 
the cross section of circular grating structure.  
The electron concentration is kept the same and the plasma collision frequency is 
modulated. As the plasma collision frequency increases, it corresponds to a decrease in 
plasma collision time or electron relaxation time. Mobility of the electrons depends on 
electron relaxation time. The mobility used in simulations are 2500cm
2
/(V.s) (CVD 
growth graphene on copper), 4500cm
2
/(V.s). (graphene on h-BN) 12500 cm
2
/(V.s) 
(epitaxial growth graphene on SiC). The lower mobility causes the propagation loss to be 
dominant in the structure and lower the quality factor of the plasmons. Low quality factor 
prevents the hopping of plasmons from one grating to another and causes the loss of 
focusing ability of the circular grating structure. Fig.6.6 (a) shows the electric field 
density ratios as a function of the incident THz radiation. The high intensity peaks 
indicate the resonant plasmonic modes within the structure. As the mobility increases, the 
quality factor and the electric field intensity of the plasmons increases. The width of the 
first mode is decreasing with increasing mobility which indicates higher quality factor of 
the plasmonic mode. Total electric field distribution is shown in Fig. 6.6 (b) for the 
device with graphene with highest electron mobility. A focusing affect can be observed 
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for the highest mobility graphene. As the mobility decreases down to 4500 cm
2
/(V.s), the 
focusing affect decreases as seen in Fig.6.6 (c) and the field density ratio goes down by a 
factor of 4. As the mobility goes down to the value calculated with reverse engineering 
from the experimental data 2500 cm
2
/(V.s), the focusing effect cannot be observed that 
can be understood from Fig.6.6 (d). All these mobility values can still be used a 
polarization independent plasmonic tunable THz sensing because even at low mobility at 
the order of 2000 cm
2
/(V.s), THz plasmons can be excited but they are unable to 
propagate. The quality factor of the resonant modes can be improved with the increasing 
mobility of the graphene layer, high mobility graphene devices are reported up to 
mobility of 100000 cm
2
/(V.s) [10]. 
 
 
  
Figure 6.6: (a) Intensity vs. frequency of the graphene circular grating devices with 
different relaxation times of electrons in the channel. (b) Total electric field distribution 
of the circular gratings for plasma collision frequency of 1 THz (c) 3 THz (d) 5 THz. 
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CHAPTER 7 
7. Ring Resonator Terahertz Plasmonics 
 
In this section, we report on sub-wavelength THz plasmonic split ring resonators on 2 
dimensional electron gas (2DEG) at AlGaN/GaN hetero-interface and on oxide coated 
high mobility graphene. The investigated in this study guide THz electric field into deep 
sub-wavelength scale by plasmonic excitations. Propagation of a broadband pulse of EM 
waves was simulated by using a commercial FDTD simulation tool. The results show that 
split ring resonator structures can be used to guide THz into deep sub-wavelength down 
/200 and achieve relatively higher quality factors than grating gate devices by plasmonic 
confinement which can be used for THz detection, filtering and possibly for THz on-
chip-spectrometer. Moreover, ring resonator modes supported by system can be tuned 
with an applied voltage to gratings.  
7.1. Circular Ring Resonator Structure 
We propose novel plasmonic ring resonators with the capability to guide THz radiation 
into deep sub-wavelength size with relatively higher quality factors with sustaining the 
periodic structure. The size of the proposed devices can be a few microns which is much 
smaller than the THz disc resonators consisting of dielectric [1] and dielectric-metal 
plasmonic [2] that are in centimeter and hundreds of micrometer size range reported in 
the literature.  Moreover, the resonant modes of the guided plasmons can be tuned by the 
applied voltage on the metallic gratings. The proposed devices can find applications in 
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THz filtering with the advantage of tunability. The proposed devices also prove that the 
THz plasmonic excitation can be achieved with split rings and THz plasmons can be 
guided in plasmonic waveguides with waveguide width of as low as /1200.  
Our device design consists of a split ring placed on AlGaN/GaN heterojunction as seen in 
Fig. 7.1 (a). The abrupt junction of the GaN/AlGaN interface creates a 2DEG. The edges 
where the ring is placed is assumed to be mesa etched which results in isolated ring active 
region. The cross section passing from the center is presented on the Fig. 7.1 (b).  
The modes are excited with a broad band plane wave source parallel to the plane of the 
structure. A reflection and transmission monitor is placed to calculate the absorption 
spectrum of the device. An electric field profile monitor is placed in between the 2DEG 
and split ring to record the electric field profile of the plasmons. The 2DEG is defined as 
a plasma layer with specific plasma frequency and collision frequency extracted from the 
experimental results as discussed before.[3] The simulation is automatically stopped 
when the total electric field converges down to a small electric field that is orders of 
magnitude smaller than the initial electric field. 
 
  
Figure 7.1: (a) Split ring resonator placed on top of GaN/AlGaN heterojunction substrate 
mesa structure. (b) The cross section of the resonator device. 
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7.2. Electromagnetic Profile of Plasmons and Resonance Frequencies 
The electric field distributions at THz frequencies were investigated by FDTD 
simulations. The results show that plasmons are created in between the metal and the 
2DEG as gated plasmons. The azimuthal periodicity of the split ring supplies the 
necessary momentum to excite the plasmons in the direction of propagation. The 
polarization of the incident radiation has to be perpendicular to the slit for the excitation 
of plasmon. [4] After the excitation of plasmons, they propagate in both directions 
perpendicular to the slit of the ring and form a standing wave profile. The supported 
modes cause the high electric field intensities to be observed under the ring. Fig. 7.2 (a) 
shows the electric intensity vs. frequency in between the ring and 2DEG and absorption 
spectrum for a split ring with 1.4 μm outer ring and 1.15 μm inner ring diameter. The 
highest absorption is observed for the plasmonic mode at 1.5 THz with 4% absorption. 
The envelope of the graph is a result of the competition of two loss mechanisms; 
radiative loss and dissipative loss. Dissipative loss is higher for lower frequencies while 
radiative loss is lower for lower frequencies and higher for higher frequencies. This 
relation results in an optimal excitation frequency. [5] The optimal excitation is observed 
at 1.5 THz. The optimal excitation also depends on the waveguide geometry, the quarter 
plasmon wavelength for 1.5 THz mode is the closest to the width of the waveguide. The 
quality factor of the plasmons can go up to 50 which is 2 times higher for the plasmons 
excited at the grating gate and linearly integrated FET devices at the same frequency. 
[6,7]  
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Normalized electric field intensity vs. frequency and absorption spectrum in between the 
grating and 2DEG of the same devices is shown in Fig. 7.2 (b). The electric field 
intensity exhibits a peak at the resonant plasmonic modes. Only the plasmon modes at 
specific THz frequencies results in that specific frequency to be observed under the rings. 
The fundamental mode has three high electric fields under the semicircle. 
(b) 
  
Figure 7.2: (a) Electric field intensity vs. frequency for the 1.4 μm outer ring and 1.15 
μm inner ring in between the ring and 2DEG, absorption spectrum on the left scale; the 
maximum coupling of incident radiation is around 1.5 THz which is the third mode. The 
electric field distribution of fundamental mode at 0.5 THz is shown. 
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Figure 7.3: Electric field intensity profile under the ring. The electric fields are 
normalized where black represents the high electric field and white represents the low 
electric field, (a) for the 2nd mode, (b) for the 3rd mode and (c) for the 9th mode. 
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The electric field profile distribution of the modes is shown in Fig. 7.3. The second mode 
has three peaks of electric field intensity under the center of the half ring and two slightly 
lower peaks near the slit. The total charge over the 2DEG and the split ring has to be 
conserved. The electric field intensity at the central peak is higher than the other two 
neighboring electric fields, which shows that the charges distribution of the plasmonic 
mode is not uniform and to compensate the charge conservation, the charge at the central 
peak should be higher than the neighboring peaks. The high intensity peak can be 
observed in Fig. 7.3 (a) where the central electric field peak is higher than other two 
peaks. The non-uniform charge distribution arises from the split nature of the structure. 
The electric field of the incident radiation will cause the excitation of the plasmons from 
the two slits in phase, since the excitations are in phase, the charge under the upper and 
lower sides of the half ring will be the same. This results in the odd number of high 
intensity peak distribution of the plasmonic mode. When the charges under the lower and 
upper sides of the half ring are the same, the neighboring charge has to be opposite to 
conserve the total charge along the half ring. This effect can also be observed for the third 
mode where the two of the peaks has higher intensity than other three as seen in Fig. 7.3 
(b).  
98 
An applied voltage to the split rings will trigger the change of the electron concentration 
in the 2DEG. This allows the tunability of the resonant absorption frequencies. Since 
several (up to 14) modes are observed in a wide range of THz spectrum (0.1 to 5  THz), 
any small change in voltage applied to the half rings will cause the shift in modes 
covering the big portion of THz spectrum. An increase in the electron concentration over 
the channel due to the applied voltage causes the modes to shift to higher frequencies due 
to dispersion relation of the THz plasmons. Fig. 8.4 shows this shift for the electron 
concentrations of 6x10
12
 cm
-2
, 7.5x10
12
 cm
-2
 and 9.5x10
12
 cm
-2
. The higher energy shift 
in the modes can be seen by following up the resonant modes at the same electric field 
intensity level.  
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Figure 7.4: Normalized electric field intensity in between the ring and 2DEG vs. 
frequency for different electron concentrations for the 1.4 μm outer ring and 1.15 μm 
inner ring geometry. The different electron concentrations represent different applied gate 
voltages applied over the half rings. The resonant modes with electron concentrations of 
6x10
12
 cm
-2
, 7.5x10
12
 cm
-2
 and 9.5x10
12
 cm
-2
 are shown. 
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Fig. 7.5 compares the resonant modes of two rings with different geometries. As the 
diameter increases, the number of the modes with in a frequency range increases and 
higher order modes can be excited. This is the same phenomenon of increasing the duty 
cycle in grating gate devices which results in increasing in the amplitude of the higher 
Fourier harmonics of the grating 
21
 that increases the absorption amplitude of the resonant 
mode. The plasmon waveguide width, the radius of the ring and the slit width are the 
geometrical variables that affect the frequencies of the resonant plasmonic modes. 
7.3. Comparison of Different Materials and Resonant On Chip Filter 
We investigated the response of the graphene based split rings to the incident THz 
radiation. In our graphene ring design, a graphene layer is placed on a THz transparent 
substrate and covered by a thin layer of dielectric layer. On top of the thin dielectric 
layer, a split ring structure is described as in GaN/AlGaN devices before. If we make an 
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Figure 7.5: The normalized electric field intensity vs. frequency for different ring 
geometries where  Rout is 3 μm, Rin is 2.5 μm and is 1.4 μm, Rin is 1.15 μm for each spilt 
ring geometries. 
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analogy with the Fig. 7.1 (b), sapphire layer is replaced with of GaN layer, graphene 
layer is replaced with of 2DEG, HfO2 layer is replaced with of AlGaN layer and split ring 
structure is kept the same. Electron collision frequency and electron concentration used in 
our simulations are extracted from the data in reference as described before. Our 
simulation model is validated successfully by replicating the experimental data of THz 
transmission through graphene micro ribbons. The mobility used in simulations is 12500 
cm
2
/(V.s) (epitaxial growth graphene on SiC [8]).  
Fig. 8.6 is showing the comparison of GaN and Graphene ring resonators.  The response 
of the graphene devices are in a wider THz spectrum compared to the AlGaN/GaN based 
devices due to its high mobility and electron concentration which arises from the 
dispersion relation of the gated plasmons. The increase in electron concentration will 
cause the higher energy shift of the modes like applying a positive voltage over the split 
ring as discussed before in previous sections. According to the dispersion of the plasmons 
in graphene, the resonant frequency has fourth root dependence on the electron 
concentration which causes smaller shift of the resonant modes to the applied gate 
voltage compared to the AlGaN/GaN devices.  
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One potential application of the proposed split-ring resonator could be THz filters to 
select certain frequencies in a broad band radiation and guide them through a waveguide. 
To analyze such an application, a split ring resonator is integrated with a THz plasmonic 
waveguide. Since the plasmons are highly confined in between the 2DEG and the split 
ring, the waveguide and the ring resonator have to be in close proximity for a better 
coupling. Fig. 7.7 (a) presents the investigated design of split ring resonator integrated to 
a plasmonic waveguide. The plasmons excited over the split ring propagate over the ring, 
couple to the waveguide and propagate in the linear waveguide. The total electric field 
distribution is shown in Fig. 7.7 (b) for a resonant plasmonic mode supported by the 
structure. The electric field intensity on the linear waveguide is higher than the split ring 
resonator due to the accumulation of plasmons to linear waveguide. The applied voltage 
to the split ring and waveguide will cause to shift in the resonant mode and the output of 
the linear waveguide can be used as a tunable THz filter. There will be no need of active 
complicated components for THz filtering for the proposed device such as mirrors, 
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Figure 7.6: Normalized electric field intensities for different materials. 
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source-drain current flow or pulsed lasers. It is sufficient to place the structure in front of 
a broadband light source to filter the THz light. The applications of the filtered THz light 
can be utilized in a wide spectrum of applications such as on chip THz spectroscopy and 
THz detecting. 
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Figure 7.7: (a) Device model for THz split ring resonator to couple the THz plasmons to 
the waveguide, (b) one of the resonant mode of the split ring resonator integrated with the 
waveguide. 
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CHAPTER 8 
8. Experimental Methods 
 
8.1. Device Fabrication 
Fabrications of the devices are performed in AMERI and Oak Ridge National Laboratory 
(ORNL) Center for Nanophase Material Synthesis (CNMS). 
The process to fabricate a graphene device consists of multiple aligned layers using mask 
aligner and electron beam lithography (EBL) tools. A standard photoresist process is 
developed. NLOF2020 is used for some of the steps. Negative resists are ideal for metal 
lift off processes since they have negative side walls, in other words they give a nice 
undercut if processed properly. NLOF2020 is a negative resist with a thickness 1.6 µm 
when spinned at 6000 rpm for 45 seconds. After the spin, the resist is baked at 110° C for 
90 seconds and left for cooling down to room temperature over a heat bath. This layer is 
exposed for 4 seconds (12.5mW/cm
2
 x 4 seconds = 50 mJ/cm
2
). Since it is a negative 
photoresist, a post exposure bake is necessary. The wafer is post baked for 90 seconds at 
the same 110° C and then left to cool down to room temperature over a heat bath. Then 
development with MF26A is performed for 20 seconds and deionized (DI) water is used 
to stop development. After the development, the resist is inspected under microscope for 
any defects, impurities, misalignments etc. The following step is a gentle oxygen plasma 
etch in reactive ion etching (RIE) tool called descum process. This step is necessary to 
remove any undeveloped or precipitated photoresist over the developed area. It also thins 
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the resist down. In RIE, the pressure is set to 400 mTorr, oxygen flow is set to 60 sccm 
and RF power is set to 100 W and etch time is set to 30 seconds. This should remove a 
thickness of 100 nm from the resist. The wafer is ready for etching or metal deposition 
and lift off. The resolution of this process can go down to 2 µm if a proper contact 
achieved during mask alignment procedure. 
Masks are written with Hiedelberg direct laser writer. Then developed for one minute in 
1:4 AZ400K:DI developer for 1 minute and washed with DI. Then they are inspected 
under microscope. A descum process as described above is performed after development. 
If they pass inspection, they are etched in chrome etchant until clear in desired areas. The 
etching time is around 3 minutes. The mask is then washed and loaded to RIE for oxygen 
plasma etching. 10 minute etch is performed as described above this time only oxygen 
flow is increased to 100 sccm. Mask is ready to be used. 
For sub-micron features, electron beam lithography (EBL) is used. A process with 200 
nm resolution has been developed. ZEP520A is used as the positive electron beam resist. 
This resist is very sensitive to ultraviolet (UV) and electron beam exposure. For this 
reason, the electron dissipation layer like thin 10 nm Chromium (Cr) layer has to be 
deposited under this resist, not above like PMMA. During electron beam evaporation 
(EBE) of Cr layer, the resist gets exposed and loses its electron beam resist 
characteristics. This is from the x-ray and UV generated during EBE. The wafer is first 
coated with 10 nm Cr with EBE. Then, the wafer is coated with ZEP520A at 6000 rpm 
for 45 seconds. The wafer is baked at 180° C for 2 minutes. The wafer is then patterned 
with JEOL7000 at 30 kV, 50 pA and 110 µC/cm
2
 by using Nabity software. The wafer is 
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developed in Xylenes for 1 minute and rinsed in isopropyl alcohol. The wafer is then 
dipped into 1:1 DI:Cr etchant 1020 for 50 seconds. The wafer is then etched in the same 
descum recipe mentioned above for 20 seconds. The wafer is ready for metal deposition 
and lift off. After gate metal is deposited with EBE, the wafer is then sonicated in acetone 
and then cleaned with isopropyl alcohol and DI water. After stripping the resist, it is time 
for a second Cr etching. The previous 50 second etching is repeated. A resulting pattern 
is shown in Fig. 8.1. A high duty cycle grating is fabricated successfully. The described 
process is a very robust process which can be used for many substrates unless the 
substrate is resistant to Cr etching. If the substrate is sensitive to Cr etching such as 
InP/InAlGaAs, PMMA resist should be used and Cr should be deposited on top of 
PMMA so that after exposure, and before development, Cr etching is necessary, and 
wafer surface can be protected with PMMA. 
High resistive silicon wafer <100> (resistivity>10000 ohm) is used as a supporting 
 
Figure 8.1: SEM image of the grating gate structure fabricated with EBL at Oak Ridge 
Nat. Lab. The slit width is 177nm and gate width is 495 nm. 
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substrate since terahertz can penetrate this material and prevent any absorption loss. 
Sapphire is also used for some devices. Quartz wafers are also used. First, alignment 
marks for mask aligner, electron beam lithography and gates are patterned with JEOL 
6300 100 kV electron beam lithography tool, Ti/Au (10/40 nm) is deposited and lift off is 
performed. The wafer is coated with 25 nm of Al2O3 with atomic layer deposition tool. 
Then the wafer is patterned with mask aligner and oxide is etched with reactive ion 
etching tool on desired regions in order to make contact with the gate pads. Source and 
drains where graphene will make contact is patterned with EBL, Ti/Au (10/40 nm) is 
deposited and lift is performed. Gate and source-drain contact pads are patterned with 
mask aligner, a thick layer of Ti/Au (100/200 nm) is deposited for wire bonding and 
packaging purposes. Commercially available graphene from Graphene Supermarket is 
used. It is CVD grown graphene on copper foil. The size is 2 inch by 1 inch. PMMA is 
coated over the graphene grown side and then baked at 180° C for 1 minute. Wet etching 
of the copper film is performed in ferric chloride solution. PMMA supported graphene is 
left. It is then transferred to DI water for cleaning. Finally, it is transferred over the 
substrate to a desired patterned area. Graphene is then patterned with mask aligner and 
etched with oxygen plasma in RIE in order to form an active region for the devices. Fig. 
8.2 shows the chip before and after the oxygen plasma etches. The developer is a basic 
solution and it deforms graphene over the developed regions and makes graphene easy to 
observe under microscope in which we can see the individual grains. The protective 
photoresist boundary can be observed. The graphene under the photoresist is 
protected.The wafer is then protected with photoresist and diced with dicing saw system. 
The wafer is cleaned, packaged and wire bonded on a carrier chip for electrical and 
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optical characterization purposes. The packaged device images are exhibited in Fig. 8.3. 
Since the samples are measured in different conditions, the way of packaging the samples 
required different methods 
 
 
 
Figure 8.2: Microscope images of the circular grating gate structure before and after 
oxygen plasma etch to remove graphene over desired areas. 
 
Figure 8.3: Images of the packaged devices ready for measurement, (a) angle dependent 
measurement packaging at ambient conditions, (b) sample clamped with probes where 
probes are contacting with the pads and keeping the sample steady, (c) sample glued over 
the ceramic hip holder and wire bonded from the pads to chip holder. 
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8.2. Device Characterization 
The devices require first electrical characterization. Once they show transistor 
characteristics such as channel control by gate voltage, the detectors are then taken to 
optical characterization. 
8.2.1. Electrical Characterization 
The electrical characterizations are performed at first at room temperature using a 4 probe 
semiconductor parameter analyzer (SPA). The system is integrated to a probe station with 
microscope. The tools are shown in Fig. 8.4. The probes are manually controlled and 
contacted with the contact pads. First, source-drain current, and gate leak current is 
measured by sweeping drain voltage from negative values to positive values and keeping 
the gate floating at 0 V. If there is gate current at the comparable order with the channel 
current, device is set aside and a new one is measured until low gate current device is 
found. Then, the drain voltage is kept constant at a voltage value that is enough to derive 
few tens of micro amperes; the gate voltage is swept from negative to positive to observe 
 
Figure 8.4: Tools used for electrical characterization, (a) semiconductor parameter 
analyzer HP 4156A, (b) probe station for contacting contact pads of a device by using 
microscope and micro manipulator probes. 
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minima in the channel current. This indicates the channel control via gate. Once a device 
passes all such requirements, the devices are loaded to the cryogenic head and electrical 
characteristics are again measured at room temperature and cryogenic temperatures since 
gate leak current is lower at lower temperatures. The measurements are performed via 
two Keitlhley source-meters in same configuration with 4 probe semiconductor analyzer. 
The same electrical characteristics are being searched. The Keithley source-meters are 
shown in Fig. 8.6 (a). The electrical characteristics of FETs are discussed in Chapter 9. 
8.2.2. Optical Characterization 
A tunable frequency backward Wave Oscillator (BWO) source that is integrated to an 
optical transmission set up is used to measure the THz transmission and response. The 
system is able to measure THz transmission from the samples in ranges from 180 to 380 
and 550 to 1130 GHz when a tripler is added to the emission port, in two different 
configurations of the BWO. Response of the detector can be measured as a function of 
the frequency and temperature down to temperatures as low as 65º K by using the 
cryogenic system. The source is a narrow band emitter. The experimental set up 
schematics is shown in Fig. 8.5. The data is gathered using Lab view software. Sample in 
green color is positioned to the focal point of the THz field. The focal point is found by 
maximizing the transmission intensity at a specific frequency. The sample holder has a 
hole at the center and sample is mounted right over the hole, so THz can transmit trough 
the sample while illuminating it as well. A pyro-electric THz sensor collects the 
transmission data. Once optics and sample is in place, the voltage induced across the 
sample channel is measured as a function of frequency. The source meters do not have to 
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be connected to the sample for zero channel bias measurements. If the response of the 
detector will be measured as a function of gate voltage or channel voltage, then they 
should be connected as presented in of the Fig. 8.5. The set up can also be used THz 
imaging purposes since an XYZ stage is integrated. The responsivity of the detectors are 
shown in chapter 9.  
The measurement sequence is as follows; 
1. Emission frequency from BWO is set. 
2. Voltage to gate or channel is set. 
3. Sample angle is set. 
4. THz wave is chopped. 
 
 
Figure 8.5: Schematic representation of the experimental set up and sample connection 
and wiring. 
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5. THz wave is collimated by the first lens. 
6. THz wave is focused over the sample by the second lens. 
7. A voltage signal is induced in the channel. 
8. Signal is amplified via signal pre-amplifier. 
9. Amplified signal is read via lock-in amplifier. 
a. Voltage to gate or channel has been updated and steps 1-8 repeated. 
b. Frequency is updated and steps 1-8 repeated. 
c. Sample angle is updated and steps 1-8 repeated. 
Steps a, b, c can be used to make different type of measurement. They can be used 
separately or together. Some of the measurements we used to measure response are as 
follows. Response can be measured at zero channel or gate bias; in this case, only 
frequency is swept. Frequency can be set constant and bias over the channel or gate or 
both can be swept. Frequency can be constant, frequency can be swept. Both frequency 
and angle can be swept.  
The tools that are used to perform the optical characterization are shown in Fig. 8.6. The 
Keithley 2400 that is controlling the gate and the source-drain voltage, is shown in Fig. 
8.6 (a), in (b) Thorlabs chopper controller, Signal Recovery 5113 pre-amp, SR830 DSP 
lock-in amplifier and Newport ESP300 motion controller are shown, in (c) BWO, 
chopper, cryogenic system which is out of the optical path, pyro-electric detector and 
sample holder mounted over the rotation motor are shown. 
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Figure 8.6: The images of the tools used to measure THz response of the detectors. 
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CHAPTER 9 
9. Experimental Results for Graphene Terahertz Plasmonics 
 
9.1. Physical and Electrical Characteristics 
SEM images of our devices are shown and described in Fig. 9.1 (a-c). The shape of the 
grating is circular in order the decrease the effect of polarization of incident THz since 
only perpendicular polarization relative to the gratings can excite plasmons. A single 
 
Figure 9.1: SEM images of the devices. (a) The SEM image of a circular grating gate 
device. The total device size is 1.6 mm by 1.6 mm including antennas and pads. Left 
antenna is the source side of the device, shown in S, while right antenna is the drain side 
of the device, shown in D and the bottom pad is connected to the gate, shown in G. (b) A 
zoomed in SEM image of the device showing the active graphene region. Graphene area 
is presented in green color where outer boundaries are dashed. Source of the device is 
the surrounding thick outer circle, source width is 3 µm, drain is the center circle, drain 
width is 8 µm. Gates are circular and connected to each other. The gate width is 1 µm 
and gate slit width is 200 nm. (c) SEM image of the device from the cross section after 
cleaving the device. Free standing graphene is circled. Gate metal is 50 nm thick and 
oxide is 30 nm thick. 
115 
device is shown in Fig. 9.1 (a), only active region is shown in Fig. 9.1 (b) and the cross 
section is shown in Fig 9.1 (c) where free standing graphene can be distinguished.  
The Raman map vas measured in order to understand the physical properties of the 
patterned graphene. The ratio between 2D band and G band is mapped. Fig. 2 (b) is the 
heat map of this ratio. The map indicates that many graphene grains are present on the 
 
Figure 9.2: Process flow and graphene properties. (a) SEM image of the graphene on 
copper foil. Individual grains can easily be identified. (b) 2-dimensional micro Raman 
map of the device. Graphene is observed in blacked dashed area as patterned. The heat 
map shows the ratio between 2D band and G band (2D/G) which gives the information 
about how many graphene layers are stacked. Higher numbers more than 1.5 is assumed 
to be single layer and lower numbers less than 1.5 is assumed to be multi-layer. The map 
indicates that the graphene consist of multi grain and mostly single layer graphene. A 
small portion of the graphene is few layers. The ratio is not uniform over the device 
which indicates, the device will consist of multi-electron concentration graphene grains. 
(c) The graph shows the Raman spectrum at point p1 where the ratio 2D/G is one of the 
highest which indicates single layer graphene. (d) The graph shows the Raman spectrum 
at point p2 where the ratio 2D/G is lower which indicates few more layers graphene. 
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active region with varying sizes from 5 µm to 10 µm. The numbers of layers are mostly 
few layers of graphene. Fig. 2 (c), (d) are showing Raman spectrum at different points as 
indicated in the heat map. Such an active region material will have different electron and 
hole concentrations in each grain which will end up supporting different frequency THz 
plasmons. There will be multi modes supported by this system. 
 
 
 
Figure 9.3: Electrical and responsivity properties of the device. (a) The channel current 
as a function of source-drain voltage. The current flows over the graphene active region 
that behaves as a channel. (b) Channel current and gate leakage current as a function of 
gate voltage while channel voltage is kept at a constant 50 mV. (c) The responsivity of 
the device as a function of the temperature.  
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9.2. Terahertz Response Characteristics 
The channel current as a function of the channel voltage is shown in Fig. 9.3 (a). The 
graph is nearly linear which means the contacts are ohmic contact. The gate control over 
the channel current is shown in Fig. 9.3 (b). The channel current can be controlled with 
an applied voltage while there is few orders of magnitude difference in gate current and 
channel current. The minimum channel current is observed at 1.2 V and this point is 
known as the charge neutrality point. Right side of this point channel is dominated with 
negative charges and left side is dominated with positive charges. The graphene is 
naturally p-type as understood from the graph because zero voltage is on the left side of 
the charge neutrality point. This is very typical with CVD grown graphene over the 
copper foil. Figure 3c is showing the responsivity of the device at different temperatures. 
There are many resonant responses at different frequencies. The responses are quite sharp 
compared to other plasmonic responses from visible to Terahertz regime. The quality 
factors are record high which ranges from 100 to 400 at 77 K. These quality factors can 
only be observed when the propagation loss is extremely low. This can only be observed 
when the mobility of the graphene is quite high. The reported mobility value for free 
standing graphene is at the order of 200,000 cm/Vs. The responsivity measurement is 
performed at 10 mT pressure. The responsivity is %40 lower at atmospheric pressure. 
The responsivity increases as the temperature drops because charge-phonon interactions 
decrease with temperature which has a critical role in mobility of the graphene. The 
variety of the resonant peaks arises from the multi grain structure of the graphene. Such a 
property results in different electron concentration and different layers and this effect 
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causes observation of multi modes all around the measured terahertz region via backward 
wave oscillator (BWO). All responsivity measurements are performed with lock-in 
amplifier at 85 Hz chopping frequency. 
The responsivities in measurable spectrum (180 GHz-380 GHz) at different channel and 
gate voltages are shown in Fig.  9.4 (a-d). The response of the detector at resonant and 
non-resonant frequencies change with applied voltage either to the gate or to the channel. 
In an ordinary THz plasmonic detector, one would expect to observe shift in the response 
with applies voltage. In our case, the responsivity level of a resonant mode is either 
 
Figure 9.4: Responsivity measurements at different channel and gate voltages. (a) 
Responsivity at different gate voltages. (b) Responsivity at different channel voltages. (c) 
Responsivity at different gate voltages detailed. (d) Responsivity at different channel 
voltages detailed. 
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increasing or decreasing. It is hard to claim it shifts because there are many peaks arising 
from different graphene properties. Even if a resonant peak shifts, we cannot really know 
where its new position is. In both voltage cases the peak position stays at the same 
frequency. This behavior can be observed in ungated plasmons or resonant peaks 
supported by the antenna. It is really hard to claim that the peaks shifts, but we can easily 
claim that they change with applied bias. If we were to have a single property graphene, it 
would be much easier for characterization.  
 
Figure 9.5: Responsivities as function of channel or gate voltage at different 
frequencies. (a) Responsivity and channel current as a function of channel voltage at 363 
GHz resonant mode. (b) Responsivity (V=R=(x
2
+y
2
)
1/2
 of signal) as a function of gate 
voltage at different frequencies. (c) Responsivity (V=X of signal) as a function of gate 
voltage at different frequencies. 
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At a resonant frequency at 363 GHz, the responsivity was measured as a function of the 
channel voltage. The resonance at 363 GHz was observed at 0 channel voltage before, 
which indicates when the channel voltage is swept, there should be some response 
measured at 0 V. Fig. 9.5 (a) shows this behavior. Since the sweep in gate voltage will 
not affect ungated part of the graphene, the resonance over suspended graphene side can 
be tuned with a bias applied to the source drain. The gate voltage also has an effect on the 
responsivity level. Fig. 9.5 (b) is showing the behavior of the response. Pretty much, for 
all the frequencies, the responsivity behavior is very similar; as the gate voltage 
increases, the response drops, then increases, then decreases, then increases and saturates. 
I do not have an explanation for this yet. Here needs to be explained. Similar behavior but 
not the same has been observed at the Ref. [1]. In order to understand this, I plotted the x 
of the signal, as expected, the phase of the signal changes which means signal x changes 
its sign from negative to positive and then negative to positive and saturates. It peaks at 
positive. The signal goes to zero at the opposite voltage value for the charge neutrality 
point. This was also observed in Ref. [1]. 
9.3. Polarization Dependence of Terahertz Response 
There is a dramatic dependence on the incident THz polarization angle and the sample 
position. This was tricky, because polarization is in the same direction with antennas 
which may trick as antenna coupled plasmons cause response. It is not the case, because 
after closing the antennas with copper tape, we still observed the same response 
characteristics of the device.  
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Antenna does not have any significant effect on the response. The asymmetrical graphene 
active region causes the asymmetrical shape of the angle dependent response. These 
plasmons can be gate-coupled plasmons; the circular shape of the gates should partially 
eliminate the angle dependence of the response. Also, I measured the same device 
without the gates that has only graphene and antenna. I was not able to observe any 
resonant or non-resonant response. This means, the gated are necessary for resonant 
response and response do not arise from antenna and graphene. Also, if the responses 
were to arise from the resonant modes of the antenna, the band with of the antennas 
would not be this sharp. The angle dependence actually comes from material properties. 
At each angle value, different graphene grain is perpendicular to the gratings and incident 
THz light. We should observe resonant response at each frequency.. Fig. 9.6 (a) is 
showing the second generation devices with modified geometry. Logarithmic antenna is 
 
Figure 9.6: Normalized response as a function of incident polarization angle. (a) 
Schematic representation of the device showing the incident Terahertz field polarization 
and rotation direction which is in clockwise. (b) Polar plot of normalized response at 
resonant frequency 304.5 GHz at room temperature and ambient pressure as a function of 
polarization direction. 
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removed. We observed resonant response at every angle. The response should partially 
repeat at every 180 degrees. It is partially because the geometry is not perfectly azimuthal 
angle symmetrical. Fig. 9.6 (b) is showing this angle and frequency dependency. Many of 
the resonant modes have symmetrical responses at 180 degrees. This is another claim that 
responses arise from plasmonic excitation. 
 
 
 
 
 
 
 
Figure 9.7: Second generation detector and its Normalized response as a function of 
incident polarization angle and frequency. The sample is rotated from 0 to 350 degrees 
with 10 degree steps. At each angle, response is measured. The azimuthal angle of the 
graph is polarization direction and from inner ring to outer ring is the frequency of the 
incident THz field from 280 GHz to 380 GHz. The heat map is in logarithmic scale. 
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Fig. 9.8 (b) is showing the response of a linear grating a shown in Fig. 9.8 (a). The 
response is highly dependent on the incident angle. We always observe this shift in 
maximum response which arises from the physical position of the BWO tip. Since the 
response has a dramatic dependence on the angle, the plasmonic excitation should play 
the main role in response. 
 
Figure 9.8: Second generation detector and its Normalized response as a function of 
incident polarization angle at resonant frequency. The sample is rotated from 0 to 350 
degrees with 10 degree steps. At each angle, response is measured. 
 
Figure 9.9: (a) High responsivity linear grating device. (b) Simulation result for a 
graphene FET with lower electron concentration compared to the graphene FETs 
discussed in chapter 5. The plasma frequency is set to 4x10
13
 rad/s. 
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Fig. 9.9 (a) shows responsivity of a device exhibiting high responsivity characteristics at 
room temperature and ambient pressure. If a single grain of the graphene is large on the 
device, the total area where plasmons are induced increases and results in higher 
responsivity. Fig. 9.9 (b) is showing a graphene FET identical to the experimental 
geometry. The absorption peaks are in the measured range. The line widths of the 
resonance frequencies are wider than experimentally observed, because we could not 
lower the mobility further because of divergence problems. Once the plasmons are 
excited, they should be absorbed and simulation should converge. Since, we have low 
material loss, simulation does not converge properly, and instead it diverges. The point to 
understand from this simulation is that, the resonance frequencies are in the 
experimentally observed region. 
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CHAPTER 10 
10. Conclusion 
11.  
In this thesis, we explored a wide range of plasmonic structures both theoretically and 
experimentally. The 2D plasmonic crystal dispersion relation is presented in terms of the 
effective index of plasmons in two elements that form the primitive crystal unit cell. The 
dispersion of grating gated plasmonic structures shows band gaps at the Brillion zone 
boundaries.  A cavity is induced by changing the electron concentration of a single gate 
stripe in every 9 gates embedded in a plasmonic crystal and the plasmonic cavity mode is 
observed in FDTD simulations. These results suggest that the cavity states might be used 
for creating narrow bands of resonant frequencies for resonant THz detectors using 
plasmonic crystals. We investigated the dispersion characteristics of an asymmetric dual-
grating gate (ADGG) HEMT structure in detail using FDTD numerical methods. The 
dispersion of the structure presented several energy band gaps in which no propagation is 
allowed. The branches in the dispersion are completely different than the ones in 
dispersion of uniform grating devices. ADGG device can support tightly confined 
/weakly coupled behavior and propagating/strongly coupled plasmonic modes with 
asymmetrical charge distributions. This non-uniform charge distribution along the 
channel can result in high responsivity which makes the ADGG devices a promising 
candidate for tunable solid-sate THz plasmonic detectors. 
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A dual grating modifies the dispersion of the single grating structure and new plasmonic 
modes are observed in which such modes cannot be excited in single grating systems. 
The dual grating has to be with π phase shift in order to achieve maximum plasmon 
coupling. The coupling efficiency is doubled when a dual grating gate is introduced. 
Symmetrical charge oscillations with odd numbers are observed in the channel other than 
well-known anti-symmetrical charge oscillations with even number. 
We analytically and numerically investigated circular gratings on GaN/AlGaN 
heterostructures and graphene with the capability of concentrating THz radiation into a 
region with λ/180 linear scale which translates to volumetric confinement of 3.8108.  
The response of the concentrator devices is polarization independent due to their 
cylindrical symmetry. The electric field distribution over 2DEG/graphene layer shows 
highest electric field intensity peaks under the central ring at resonant plasmonic modes 
that is a result of constructive interference of the plasmons. The focusing phenomena is 
strongly affected by the duty cycle where high duty cycled structures are able to focus 
plasmons better compared to the lower ones. Graphene active layer concentrator devices 
show higher quality factors for the plasmonic modes with their high mobility at room 
temperature which allows a more pronounced lens effect. Graphene devices with their 
potentially very high mobility could be effectively used for concentrators operating at 
room temperature in THz range as well as in the sub-THz range for many important 
applications. We have investigated split ring resonator for GaN/AlGaN and graphene 
based high electron mobility devices. The responses of the devices are in a wide spectral 
range of THz frequencies. The resonant modes can be controlled with an applied voltage 
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over the gates. The radius and the width of the ring can be used to passively to tune the 
resonant frequency. Increasing the radius of the ring causes higher order modes to be 
observed. Graphene active layer devices show resonance response to the incident 
radiation in a wider spectral range because of the dispersion relation and higher mobility 
at room temperature. A THz filter is based on split ring integrated with a linear 
waveguide is also investigated. The proposed devices can be used for applications of 
compact tunable THz filters and THz detectors. 
We have achieved measuring resonant Terahertz room temperature detection using 
suspended graphene FETs. Because of material properties, we observed many resonant 
peaks. The circular geometry of the detector made possible for multi angle multi 
resonance detection. The amount of signal received from THz could be controlled with 
gate bias or source drain bias. Resonant modes are fading and coming back as the sample 
rotates depending on the grain location and electron concentration. 
  
129 
VITAE 
 
MUSTAFA KARABIYIK 
 
2003- 2008    B. Sc. Physics Department  
    Bilkent University, Ankara, Turkey 
     
2008- 2010    M. Sc. Physics Department  
    Bilkent University, Ankara, Turkey 
     
2011 -2017   Doctoral Candidate 
Florida International University, Miami, Florida 
 
PUBLICATIONS AND PRESENTATIONS 
 
1. Ahmadivand, A., Gerislioglu, B., Sinha, R., Karabiyik, M., & Pala, N. (2017). Optical Switching Using 
Transition from Dipolar to Charge Transfer Plasmon Modes in Ge2Sb2Te5 Bridged Metallodielectric 
Dimers. Scientific Reports, 7. 
2. Ahmadivand, A., Sinha, R., Karabiyik, M., Vabbina, P. K., Gerislioglu, B., Kaya, S., & Pala, N. (2017). 
Tunable THz wave absorption by graphene-assisted plasmonic metasurfaces based on metallic split ring 
resonators. Journal of Nanoparticle Research, 19(1), 3. 
3. Ahmadivand, A., Sinha, R., Gerislioglu, B., Karabiyik, M., Pala, N., & Shur, M. (2016). Transition from 
capacitive coupling to direct charge transfer in asymmetric terahertz plasmonic assemblies. Optics 
Letters, 41(22), 5333-5336. 
4. Sinha, R., Vabbina, P. K., Ahmadivand, A., Karabiyik, M., Gerislioglu, B., & Pala, N. (2016, October). 
Ultraviolet LED based compact and fast cortisol detector with ultra high sensitivity. In SENSORS, 2016 
IEEE (pp. 1-3). IEEE. 
5. Al-Amin, C., Karabiyik, M., & Pala, N. (2016). Fabrication of Graphene Field-effect Transistor with Field 
Controlling Electrodes to improve f T. Microelectronic Engineering, 164, 71-74. 
6. Al-Amin, C., Vabbina, P. K., Karabiyik, M., Sinha, R., Wang, C., & Pala, N. (2016). Bandgap engineering 
of single layer graphene by randomly distributed nanoparticles. Journal of Materials Science: Materials in 
Electronics, 27(7), 7454-7459. 
7. Ahmadivand, A., Sinha, R., Vabbina, P. K., Karabiyik, M., Kaya, S., & Pala, N. (2016). Hot electron 
generation by aluminum oligomers in plasmonic ultraviolet photodetectors. Optics express, 24(12), 13665-
13678. 
8. Al-Amin, C., Karabiyik, M., Vabbina, P. K., Sinha, R., & Pala, N. (2016). Graphene FETs with Low-
Resistance Hybrid Contacts for Improved High Frequency Performance. Nanomaterials, 6(5), 86. 
9. Sinha, R., Karabiyik, M., Ahmadivand, A., Al-Amin, C., Vabbina, P. K., Shur, M., & Pala, N. (2016). 
Tunable, Room Temperature CMOS-Compatible THz Emitters Based on Nonlinear Mixing in Microdisk 
Resonators. Journal of Infrared, Millimeter, and Terahertz Waves, 37(3), 230-242. 
10. Ahmadivand, A., Karabiyik, M., & Pala, N. (2015). Inducing multiple Fano resonant modes in split 
concentric nanoring resonator dimers for ultraprecise sensing. Journal of Optics, 17(8), 085104. 
11. Vabbina, P., Choudhary, N., Chowdhury, A. A., Sinha, R., Karabiyik, M., Das, S., ... & Pala, N. (2015). 
Highly sensitive wide bandwidth photodetector based on internal photoemission in CVD grown p-type 
MoS2/graphene Schottky junction. ACS applied materials & interfaces, 7(28), 15206-15213. 
130 
12. Ahmadivand, A., Karabiyik, M., & Pala, N. (2015). Fano-like resonances in split concentric nanoshell 
dimers in designing negative-index metamaterials for biological-chemical sensing and spectroscopic 
purposes. Applied spectroscopy, 69(5), 563-573. 
13. Ahmadivand, A., Golmohammadi, S., Karabiyik, M., & Pala, N. (2015). Self‐assembled silicon‐based 
clusters to design efficient, fast, and controllable Fano switches. Microwave and Optical Technology 
Letters, 57(5), 1242-1246. 
14. Ahmadivand, A., Golmohammadi, S., Karabiyik, M., & Pala, N. (2015). Fano resonances in complex 
plasmonic necklaces composed of gold nanodisks clusters for enhanced LSPR sensing. IEEE Sensors 
Journal, 15(3), 1588-1594. 
15. Sinha, R., Karabiyik, M., Al-Amin, C., Vabbina, P. K., Güney, D. Ö., & Pala, N. (2015). Tunable room 
temperature THz sources based on nonlinear mixing in a hybrid optical and THz micro-ring 
resonator. Scientific reports, 5. 
16. Al-Amin, C., Karabiyik, M., Vabbina, P. K., Sinha, R., & Pala, N. (2014). Field controlled RF Graphene 
FETs with improved high frequency performance. Solid-State Electronics, 95, 36-41. 
17. Sinha, R., Karabiyik, M., Al-Amin, C., Vabbina, P. K., Shur, M., & Pala, N. (2014, May). Microdisk 
resonators for difference frequency generation in THz range. In SPIE Sensing Technology+ 
Applications (pp. 910208-910208). International Society for Optics and Photonics. 
18. Karabiyik, M., Sinha, R., Al-Amin, C., Dyer, G. C., Pala, N., & Shur, M. S. (2014, May). Dispersion 
studies in THz plasmonic devices with cavities. In SPIE Sensing Technology+ Applications (pp. 91020K-
91020K). International Society for Optics and Photonics. 
19. Sinha, R., Karabiyik, M., Al-Amin, C., Vabbina, P. K., & Pala, N. (2014, March). Nonlinear optical 
resonators for tunable THz emission. In SPIE OPTO (pp. 898505-898505). International Society for Optics 
and Photonics. 
20. Vabbina, P. K., Karabiyik, M., Al‐Amin, C., Pala, N., Das, S., Choi, W., ... & Shur, M. (2014). Controlled 
synthesis of single‐crystalline ZnO nanoflakes on arbitrary substrates at ambient conditions. Particle & 
Particle Systems Characterization, 31(2), 190-194. 
21. Al-Amin, C., Vabbina, P. K., Karabiyik, M., Sinha, R., Pala, N., & Choi, W. (2013). Improving high-
frequency characteristics of graphene FETs by field-controlling electrodes. IEEE Electron Device 
Letters, 34(9), 1193-1195. 
22. Karabiyik, M., Al-Amin, C., & Pala, N. (2013). Deep sub-wavelength multimode tunable in-plane 
plasmonic lenses operating at terahertz frequencies. IEEE Transactions on Terahertz Science and 
Technology, 3(5), 550-557. 
23. Karabiyik, M., Al-Amin, C., & Pala, N. (2013). Graphene-Based Periodic Gate Field Effect Transistor 
Structures for Terahertz Applications. Nanoscience and Nanotechnology Letters, 5(7), 754-757. 
24. Karabiyik, M., Al-Amin, C., & Pala, N. (2013, May). Numerical analysis of terahertz plasmonic ring 
resonators. In SPIE Defense, Security, and Sensing (pp. 87160I-87160I). International Society for Optics 
and Photonics. 
25. Karabiyik, M., Al-Amin, C., Das, S., Pala, N., & Choi, W. B. (2012, May). Subwavelength, multimode, 
tunable plasmonic terahertz lenses and detectors. In SPIE Defense, Security, and Sensing (pp. 83630L-
83630L). International Society for Optics and Photonics. 
